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Abstract

This article presents wire dipole antennas (d =1 mm, length Lo = 14.5 cm) based
on prefractals n=1, 2, 3 of the original anisotropic geometric fractal. An analytic
description of this fractal is proposed through the Heaviside function. The
resonant frequencies of fractal antennas are determined using the scaling factors
y of fractals under consideration. The radiation patterns at the resonant
frequencies and frequency-dependent characteristics, such as Si1, VSWR, and
input impedance in the UHF band, were investigated using theoretical and
experimental methods. The characteristics of fractal antennas with triangular,
isotropic and anisotropic structures are compared. It is shown that the proposed
antenna model has advantages over the width of the radiation pattern, the power
spectrum, and the technological characteristics of manufacturing and operation.

Keywords: Anisotropic fractal, Impedance, Prefractal, Radiation pattern, Return
losses.
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1. Introduction

Antennas are an important element of any wireless transmitting and receiving
devices, the type and design of which strongly affect the quality of transmission
and reception of information. Nowadays, most of the wireless technologies operate
on high-frequency bands. Mobile devices and other transceivers designed for
various wireless technologies require appropriate multi-band, in some cases ultra-
wideband antennas. The advantage of multi-band antennas is that they can be used
simultaneously for different wireless networks, such as GSM, Bluetooth, Wi-Fi and
WIMAX applications. For this reason, the development and modification of
antennas with multi-range properties is an urgent task for researchers. Recently,
some work devoted to the study of the antennas properties of various types has been
performed [1-6]. Euclidean geometry underlies these antennas and their prototypes.

In recent years, precise attention has been paid to fractal antennas [7-16]. The self-
similarity of the structure allows such antennas to resonate on several frequency
bands. Detailed studies were carried out in [9]. In [9], a compact ring fractal monopole
with the best impedance characteristics for devices of local wireless networks
(WLAN) was used. In [10], a triangular shaped fractal antenna for ultra-wideband
applications is proposed. In [11], a dipole patch antenna was studied by a combination
of Sierpinski and Koch fractals with the fourth iteration (K4C4). The authors noted
the quasi-directivity of radiation at resonant frequencies in the range 1.5-14.5 GHz,
as well as the possibility of using them for mobile wireless telecommunication
systems. In a similar paper [12], a microstrip monopole antenna is shown, made from
a combination of Koch and Serpinsky fractals for 2G/3G/4G/5G/WLAN
technologies and navigation. The use of a fractal structure also helps in solving the
problem of miniaturization of transceivers. In [13], dual-band, with an efficiency of
more than 82%, compact patch antennas constructed on the basis of three different
fractals are arranged. In [14], a modified view of the fractal (dual-reverse-arrow
fractal DRAW) is presented, which is 40% smaller than the triangular patch antenna.
The use of the second prefractal "square Koch™ in the form of a patch antenna dipole
for small satellites also confirms the efficiency of fractal antennas in a technological
and constructive manner [15]. In [16], V-shaped wire dipole antennas on the Koch
fractal are examined and compared, with angles between radiators 60, 90 and 120
degrees. It is shown that antennas of this type are characterized by a multilobed
property of the directional pattern.

Thus, fractal antennas have broad applications, and there is a question, which
topology of fractals can provide the efficiency of electrodynamic, technological
characteristics. Antenna studies based on isotropic (Minkowski type), triangular
(Koch type) and another intermediate (between purely isotropic and anisotropic)
fractals are known [17]. In the paper [18] Zhanabaev proposed the algorithm for an
"anisotropic fractal”, in which the deformation (division into parts) of elements
occurs only in one direction. The term "anisotropic fractal" is also used in [19],
where a porous medium with various possible fractal dimensions in different
directions is considered. The fractalization of a continuous medium is considered
in only one direction with a specific dimension. From the specifics of topology, the
antenna based on this fractal intuitively reveals the possibility of implementing
better radiation directivity characteristics, a simpler technology for automating the
assembly and opening of antennas, and so on. Therefore, in this paper, the goal is
to theoretically, numerically and experimentally study the basic radio-technical
characteristics of an anisotropic fractal antenna.
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2.The Theory of Resonant Radiation of Fractal Antennas
2.1. Anisotropic fractal and its analytical description

In an anisotropic geometric fractal with an increase in the prefractal number
(hierarchical level), the [-shaped parts are formed only in one direction, with the
side links not deformed (Figs. 1(a), (b) and (c)) [20]. The prefractal dimension D =
In5/In3 = 1.4649 is realized only in one direction. A feature of this fractal is that
any of its prefractals can be described analytically with a relatively simple formula:

y = 3k (55) Zh (- DF10( = 3D )k # 35,5 = 317D, M

where n is the number of iterations, A is the amplitude of function y(x), 6(x) is the
Heaviside function [21], and k is quantity of Heaviside function. Figure 1(d) shows
the anisotropic fractal (AF) for n = 3 according to Eq. (1). Elements of other fractals
are deformed in different changing directions, which make it difficult to choose the
formula of the construction algorithm. Therefore, a geometrically recursive
algorithm is usually used. The Eq. (1) allows describing analytically spectral and
power characteristics of antennas.

(a) First prefractal. (c) Third prefractal.
0.5
00 0.2 04 , 06 0.8 1
(b) Second prefractal. (d) The shape of the fractal curve

constructed according to Eq. (1).

Fig. 1. Structure of the anisotropic fractal.

2.2.Resonant frequency characteristics of fractal antennas

The standard theory of antennas is based on the Maxwell equations for the
electromagnetic field, which can be written in differential or integral form.
However, fractal antennas having jump like changes in shape cannot be entirely
described by continuous variables. Therefore, we will use the methods of fractal
geometry.

When one considers the wave propagation only in the x direction, then dot
product of kr from the spherical wave formula [22] looks:

kr = kx cos 6 2
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where k is the wave vector, r is the radius vector of the observation point E, 0 is
the angle between the directions of x and k. From Eqg. (2) follows the condition for
realizing the maximum E = E, with respect to time and space:

wt — kxcosd =0, w = kd = kdcos 3)

where 9 = % is the wave propagation velocity, k = 27" is the wave number, and 1 is

the wavelength. The effective length of the antenna is chosen equal to the
wavelength of the received radiation (L=4). For a fractal structure, L is defined as
a fractal measure [23]:

L=L, 6P~ =[5, y=D—d (4)

where L, is the non-fractal (regular) antenna length, ¢ is the dimensionless
measurement scale, D, d are the fractal and topological antenna dimensions, and n
is the prefractal number (hierarchical generation).

Substituting Eqg. (4) into Eq. (3) we obtain the following:
w = kv =2nL,"'6™v (5)

The ratio of resonance frequencies (n) = % for prefractals with numbers n +
landnis:

1
fat+1 _ n+i-n) _ _ (LY n
s PX4¢ ) = §Y = (Z) (6)
In this case the value of fy corresponds to the resonant frequency of the half-wave
vibrator. Thus, from the known values f,, ¢, and y, all the antennas resonant
frequencies on the fractal are determined. For a given fractal model, J is the minimum
relative strain size, and y is the difference between fractal and topological dimensions.
It also follows from Eq. (6) that the resonant frequency decreases with increasing
prefractal number.

2.3. Polarity of antenna radiation

The angle between the x and k directions can be found from Eq. (3) with Eq. (4)
taken into account:

6 = 2mm + arccos(const * 57 f) @)

where m is any integer, f is the antenna resonance frequency (determined by Eq.
(6)), const is a constant, which includes slowly varying antenna parameters (the
regular length of the antenna L, and the wave propagation velocity v) at all
prefractals levels. In this case, @ is the angle determining the direction of the
maximum radiation relative to the main antenna axis.

2.4.Radiation pattern

The square of the electric field strength, to which the energy of electromagnetic
radiation is proportional, can be determined from the equation of motion of an
electron under the action of the force “- eE” in the x coordinate [24], also taking
into account Eq. (2):
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2
(;—Z) = §*Wcos*o 8)
It follows from Egs. (6) and (8) that:
P ©

3.Simulation and Measurement of Fractal Antennas Characteristics
3.1. Antenna design

Antennas of other distinctive forms were also investigated by the Koch fractal (KF)
and the geometric isotropic Minkowski fractal (IF) to identify the features of the
antenna based on AF and compare them [20]. Figure 2 shows the models of
antennas under consideration with n = 2 as a dipole. KF (with fractal dimensionD =
1.26, 60 = 1/3) is formed by dividing into three equal parts of a single segment and
replacing the middle interval by an equilateral triangle without this segment (Fig.
2(b)) [17]. The IF is shown in Fig. 2(c). The generator of this fractal (D = 1.5,8 =
1/4) consists of eight links with a length of 1/4. With the growth of the prefractal
number, all links are deformed in all directions. The regular length of the all
selected samples is Lo = 14.5 cm, and the distance between radiators is | = 0.5 cm
(Fig. 2(a)). Copper with a diameter d = 1 mm (dielectric constant ¢ = 1.0) was used
as a conductive material.

[ 1
Al Lo L

(b) KF. (c) IF.

Fig. 2. Models of wire fractal dipole antennas for n =2 in HFSS.

The software environment HFSS was used, in which the electrodynamic
characteristics are calculated by the finite element method to evaluate the antennas
performance. The lumped port with a wave impedance of 50 Ohms was installed in
designed models. According to the parameters in the frequency range 0.1 - 2.7 GHz
(400 points), the frequency-dependent characteristics were determined. They were
the following: the reflection coefficient S;1 of the antenna, VSWR between the
antenna and the feeder and the input impedance (Z,), which are described as [25]:

Za—Zo

S, = VSWR = 25ul (10)

T ZatZo’ 11514l

where Z, = R, + jX, is the input impedance of the load antenna (R, and X, are
real and imaginary components, respectively), Z, is the line impedance, which is
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50 Ohm. Three-dimensional (3D) and two-dimensional (2D) radiation patterns
were also obtained in the polar coordinate system, and the widths of their main
lobes at the -3dB level were determined. The results are given in the next chapter
in comparison with measured values.

3.2. Experimental setup

When designing antennas, it becomes necessary to experimentally determine their
characteristics in order to verify compliance with their calculated values and, if
possible, improve them. The antennas were made in the form of wire dipole
radiators. Figure 3 shows the AF antenna prototype in the prefractal with n=2. The
parameters necessary for manufacturing the antennas Lo, I, d are selected by the
calculated data. The characteristics of the manufactured antennas Si1, VSWR, input
impedance were measured using a vector network analyzer MS46121A. Samples
were connected to the VNA via a coaxial cable SYV-50-3, connector SMA male
and RF adapter SMA female to type N female (Fig. 4).

Figure 5 shows a block diagram of an experimental setup for the construction
of a radiation pattern [26]. The electrical oscillation obtained from the NI PXI-5652
generator is converted into an electromagnetic wave propagating in space using an
omnidirectional monopole 2, which is located vertically. The generator has a power
of 5 dBm at the resonance frequency. The size of the radiating antenna is chosen
correspondingly to the resonance frequency of the receiving fractal antenna 3. The
distance from the transmitting antenna to the receiving antenna is 2 m. The signal
level in each 5° in the polar coordinate system is measured and fixed using the
Agilent N9340B spectrum analyzer. In the special graphical interface 6 radiation
pattern is displayed. Figure 6 shows an experimental setup for measuring the power
spectrum in the 0.1-2.7 GHz band of a radiating fractal antenna. For generation and
reception, a signal generator (where -5 dBm is installed) and a spectrum analyzer,
respectively, were used. The measurements were carried out in two modes (Fig.
6(b)). The first, the plane of the fractal antenna XZ was perpendicular to the Y axis,
where the receiving horn is located at a distance of 2 m.

‘ i (T
2 345678 9101112131415
T e e e

r"_ J =

| 1=0.5cm il ‘
ay 15 W
5 Lo=14.5 cm 7

Fig. 3. Manufactured sample of AF antenna with n=2.
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SMA SMA female
male

to N-type female

Fig. 4. Used connectors.

Vifor | | spectrum o NI PXIe
' signal generator

radiation pattern analyzer
® ® @ @

Fig. 5. Block diagram of the experimental setup for the measurement of
radiation pattern, 1-RF generator, 2-emitting antenna, 3-fractal receiving
antenna, 4-rotary system, 5-spectrum analyzer, 6- graphical interface for

constructing radiation pattern.

spectrum
analyzer

signal
generator

70 x

(a) 1-fractal antenna, 2-horn antenna,
3-spectrum analyzer with PC, 4-RF
signal generator with PC control.

(b) Power spectrum measurement
options.

Fig. 6. The hardware-software system of the experimental setup.
The second, the plane of the antenna YZ is parallel to the Y axis. The
experimental conditions and the measurement process were the same for all types

of antennas. For each antenna were calculated the average values of the power
spectrum “Pavg”.
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4.Results of Measurements and Comparisons
4.1. Resonant frequencies

Figure 7 shows simulated (solid lines), measured (dashed lines) return loss of all
antennas (Si1 parameter). It can be seen that all these antennas with fractal
structures, as already mentioned above, have several resonance frequencies, in
contrast to a half-wave vibrator, which has only one resonance corresponding to
the length Lo.
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(b) Su1- parameters of KF and IF with n=2.

Fig. 7. Dependence of the reflection coefficient on the frequency.
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It is also observed that as the iteration number increases, the resonance
frequencies shift toward low frequencies (Figs. 7(a) and (b)), where the gray bars
indicate the displacements ranges. This offset f,, > f,,+ is due to the fact that each
successive iteration number will lead to an increase in the fractal length of the
antenna L and, accordingly, to a decrease in the resonance frequency according to
the Eqg. (6). As it follows from the theory, the interval of resonant frequencies in IF
(0=1/4) is smaller than in AF, KF (6=1/3).

Figure 8 shows the change in resonant frequencies by the prefractal number n.
Theoretical dependence according to Eqg. (9), the results of simulation in HFSS and
direct measurements agree well enough.

2.7 2.7 12.7 ¢

04 o4 P 4 ¢ measurmer
/I\T . . & . ® HFSS
T 21 ° 2.1 N © 2.1 o theory

o

g 1.8+ © & 1.8 1.8 ®
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o 15 ¢ 1.5 1.5 o
5 ¢
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0.6 ® 0.6 0.6 Y o

0.3 0.3 10.3+
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(a) AF. (b) KF. () IF.
Fig. 8. Dependence of resonant frequencies on the n-number of the
prefractal.

4.2. Polarity of the antenna and the radiation pattern

Figure 9 shows the dependence of the angle between the radiation directions and
the antenna's main axis on frequency according to Eq. (7) at L, = 14.5 cm, n=2.
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0 0.5 1 1.5 2 25
frequency (GHz)
Fig. 9. Change in the direction of maximum radiation by frequency.

It is noticeable that all the considered antennas around their first resonance
frequencies f1 (0.61 GHz for AF, 0.50 GHz for IF and 0.74 GHz for KF) emit at %
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angle to the antenna axis, near the second resonances f2 (1.72 GHz for AF, 1.36
GHz for IF) radiation are directed along the main axis, that is, @ = 0°. In the case of
KF at 2.21 GHz, the direction of the main lobe (consisting of two narrow lobes)
along the antenna axis is also observed. 3D radiation patterns of antennas also show
changes in the polarity of the radiation at resonance frequencies (Fig.10).

o}b

(a) AF at f1=0.61 GHz. (b) AF at f2=1.72 GHz.

(c) KF at f1=0.74 GHz. (d) KF at f1= 2.22 GHz.
(e) IF at f1=0.50 GHz. (f) IF at f2 =1.36 GHz.

Fig. 10. Simulated 3D radiation patterns of wire dipole antennas with n =2
at resonance frequencies f1 and 2.
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Fig. 11. Simulated in HFSS 2D radiation patterns of fractal antennas in E
(solid) and H (dashed) planes at f2 and n = 2.
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Fig. 12. Measured 2D radiation patterns of fractal antennas in E plane at
f2and n=2.

All the fractal antennas at all levels of the prefractal function at the first
resonance frequencies f1, as a standard symmetrical half-wave vibrator, emitting
the same intensity in directions perpendicular to the antenna axis. Therefore,
antenna comparisons were carried out for f2. The two-dimensional radiation
patterns obtained in the HFSS environment (Fig. 11) correspond to the measured
ones (Fig. 12). The antenna of the KF-based antenna differs in that it has a
multilobed shape. This is explained as follows: if we consider the antenna shapes
AF and IF, then in the fractal structure all the links are located perpendicular to
each other at all levels of the prefractal, i.e., the angle ¢ indicating the vector
direction k is defined as +x/2. For FK, we have 6+x/3, since the internal angle of
an equilateral triangle is a = z/3. These factors will lead to a multidirectional
antenna FK in comparison with AF and IF. A further increase in frequency will
result in a smooth change in the radiator direction. At frequency 2, the radiation
pattern of the AF-based antenna sample has two main directed lobes (Figs. 11(a)
and 12(a)), whereas KF, IF have a multi-lobe radiation pattern. Table 1 shows the
quantitative parameters of the directivity at the second resonance frequency.

Table 1. Characteristics of 2D radiation patterns of antennas.

Type of No. of Resonant Main lobe Beam width of
fractal iteration  frequency f2 magnitude main lobe at “-3
antenna (GH2) V) dB” (degree)

AF 2 1.72 8.56 123.52

KF 2 2.22 8.86 46.08

IF 2 1.36 4.58 93.85
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4.3. VSWR and Impedance

The matching of impedance is an important point in the development of antennas.
It follows from Eq. (10) that if |S11/=0, then VSWR = 1. In practice, reflection is
always present and VSWR is in the interval [1.1 + +o0]. A value greater than two
results in an inconsistency (mismatch) system.

Table 2 below compares the values obtained by simulation and measurements
for all types of investigated antennas at resonant frequencies.

Table 3 shows the VSWR values of all fractal antennas.

Table 2. Impedance of fractal antennas at resonant frequencies (Ohm).

No. of iteration
1 2 3
fl 2 fl 2 fl 2
AF  measurement 66.56 57.62 37.63 49.74 6224  46.69
IF measurement 36.27 7751 26.82 14955 58.72 25.19
KF  measurement 56.40 59.70 46.80 4859 5193 47.12

Type of
fractal antenna

Table 3. VSWR of fractal antennas at resonant frequencies.
No. of iteration

Type of
fractal antenna 1 2 3
fl f2 fl f2 fl f2
AF measurement 1.3 1.2 14 1.1 1.7 1.1
simulation 1.6 2.0 15 1.7 15 1.6
measurement 1.3 15 2.0 3.2 - -
IF simulation 15 1.2 1.4 1.2 - -
KE measurement 1.1 1.3 1.1 1.0 1.2 1.3
simulation 1.9 2.2 1.8 1.6 1.7 14

Thus, concerning investigated AF, the following conclusion can be drawn:

o For all resonant frequencies AF samples have VSWR <2 within norm limits.

e Due to the permissible impedance value (£2 = ~50 Ohms), AF antennas do not
require special matching elements and circuits with corresponding parameters (as
in the experiment), in contrast to the IF antenna (where for n=2, f2: £2>50 Ohm).

4.4. The average value of the radiation power in frequency

The dependence of root mean square values of B.,,,; on the prefractal number n is
given below. The radiation power of the AF antenna is greater than that of the KF
and IF antennas for all levels of prefractals when the antenna plane is perpendicular
to the Y axis (Fig. 13(a)). Figure 13(b) shows a graph for the case where the position
of the antenna plane is parallel to the Y axis. At n=1, the average power P, of the
AF antenna radiation (100 pW) is below the IF antenna power (130 uW). With the
exception of this case, for all prefractals (n =1, 2, 3), the radiation power of the AF
antenna is higher than that of the KF and IF antennas.
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Fig. 13. Experimental mean-square values (RMS) of the power spectrum for
AF (+), KF (A) and IF (o).

5. Conclusions

This article presented the possibility of creating an antenna based on a new kind of
geometric fractal, such as an anisotropic fractal. This structure is described by an
analytical formula and has a constant fractal dimension in only one direction, unlike
the other known geometric fractals.

The frequency properties and directionality of radiation of three types of wire
fractal antennas of AF, KF, IF in a dipole version are theoretically described.
Theoretical results are confirmed by numerical simulation in the HFSS medium
and by a physical experiment. Antennas based on geometric fractals have a multi-
frequency property, unlike standard half-wave vibrators. With the growth of the
iteration number, the resonance frequency shifts towards decreasing because of the
length growth of the fractal antenna. At resonant frequencies, radiation patterns of
fractal antennas differ in the radiation polarity, that is, in the transition from the
first f1 to the second f2 resonant frequency, the radiation direction changes in all
antennas under consideration. All studied electromagnetic characteristics are
compared for three species, covering anisotropic and isotropic fractal antennas.
Complex analysis (theory, simulation and physical experiment) shows that an
antenna based on an anisotropic fractal has an advantage (up to 15-20% compared
to other fractal antennas) for all characteristics, such as radiation pattern, radiation
power, impedance, etc. Antenna on based anisotropic fractal also has technological
advantages of manufacturing from the point of view of automatic opening and
collection. Therefore, such antennas can find wide applications, for example, for
satellites of small size, and also in robotics.
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Nomenclatures

D Fractal dimension

d Wire diameter, mm or Topological dimension
L Fractal antenna length, cm

Lo Non-fractal (regular) length of antenna (Fig. 1), cm
I Gap between the vibrators (Fig. 1), cm

n Number of iteration

Prns Root means square value of the power, W

R, Real component of impedance

Su Return losses or reflection coefficient, dB

X, Imaginary component of impedance

Zo Impedance of the cable (feeder), Ohm

Za Input impedance of the antenna, Ohm

Greek Symbols

ax) Heaviside function

) Scale of measurement

y Difference of fractal and topological measure (D - d)
g Angle of maximum radiation, deg.

Abbreviations

AF Anisotropic fractal
KF Koch fractal
IF Isotropic fractal

VSWR Volt standing wave ratio
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