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Abstract—This paper presents the spatial correlation 

characteristics and electrodynamic performance of Multiple 

Input Multiple Output (MIMO) antennas based on wire 

dipole antennas constructed using Minkowski Fractal (MF), 

Koch Fractal (KF), Zhanabayev’s Anisotropic Fractal (AF) 

forms and investigates a comparative analysis of fractal 

antennas with a classical antenna array utilizing a Half-Wave 

Dipole (HWD) radiating element. The research examines the 

influence of the fractal dimension on the physical dimensions 

of the antenna array and its effect on the electrodynamic 

performance and spatial correlation characteristics of the 

antennas under consideration. The analysis of key 

electrodynamic performance encompasses the examination 

of parameters such as the return loss coefficient (S11), Voltage 

Standing Wave Ratio (VSWR), Radiation Patterns (RP), and 

beamwidth of the radiation pattern. The spatial correlation 

characteristic evaluated through the assessment of the 

Envelope Correlation Coefficient (ECC). The results 

obtained from computer simulation and experimental data 

present a similar pattern. The Koch-based fractals and 

Zhanabayev’s anisotropic fractal demonstrate higher 

matching characteristics, with S11 values of −16.69 dB and 

−10.12 dB, respectively. The investigation of spatial 

correlation characteristics reveals that the Koch fractal 

demonstrate the lowest envelope correlation coefficient 

values when the elements of the linear antenna array are 

arranged in-line and parallel.  

 

Keywords—Multiple-Input Multiple-Output (MIMO), 

envelope correlation coefficient, fractal dimension, 

Zhanabayev’s anisotropic fractal, return loss 

 

I. INTRODUCTION 

Owing to the continuous advancement of novel radio 

technologies and the rapidly evolving electromagnetic 

environment, antennas have emerged as critical 

components in the design of radio engineering devices. 

 
 Manuscript received September 28, 2024; revised November 19, 2024; 
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The efficacy of antennas significantly influences the 

quality of communication and volume of information 

transmitted, rendering their role paramount. Currently, 

diverse antennas are employed in radio-engineering 

systems based on their design and operational principles. 

The primary requirements of modern radio engineering 

systems include high throughput, reliability, security, and 

enhanced communication quality in the presence of noise 

and interference. 

Consequently, antennas such as Multiple-Input 

Multiple-Output (MIMO) antennas currently occupy a 

pivotal position in wireless telecommunications systems, 

as they comprehensively fulfill these requirements. 

However, the utilization of MIMO antennas in complex 

electromagnetic environments presents a challenge 

because of the need to manage the correlation between 

antennas effectively. 

In this context, it is relevant to conduct a comparative 

analysis of the spatial correlation characteristics of MIMO 

antennas based on fractal geometry. Fractal geometry 

represents a novel and promising approach with the 

potential to enhance the performance of radio-engineering 

systems in complex and dynamically changing 

electromagnetic environments. Such an analysis enables 

the evaluation and comparison of the electrodynamic 

performance of the antennas in question as well as the 

assessment of their efficacy and applicability in modern 

wireless systems. 

A MIMO system incorporates multiple pairs of antennas 

at both the transmitter and receiver sides, thereby 

providing more reliable high-speed data transmission and 

the capability to transmit multiple parallel streams in the 

same frequency channel compared with traditional Single-

Input Single-Output (SISO) systems [1]. The significant 

advantages of MIMO systems include increased data rates, 

extended coverage areas, and resistance to signal fading 

38doi:10.12720/jcm.20.1.38-47

Journal of Communications, vol. 20, no. 1, 2025 

mailto:beibitkaribaev7@gmail.com
mailto:timur.namazbayev@gmail.com
mailto:k.alipbayev@aues.kz


across multiple channels [2, 3]. However, for stable 

operation and optimal system performance, minimal 

mutual coupling between the different radiating elements 

(ports) of the antenna system is necessary. Excessive 

mutual coupling can result in an increased signal 

correlation between different channels [4], low impedance 

and radiation characteristics, and reduced channel capacity 

[5]. Achieving higher isolation often necessitates 

increasing the physical distance between radiating 

elements; however, this results in larger antenna 

dimensions, which present a limitation for many wireless 

devices [6]. 

Antenna arrays are an integral component of MIMO 

systems. There exist numerous types of antenna array 

configurations [7]. For instance, in Ref. [8], the design of 

a dual-band four-element MIMO slot antenna array was 

presented. The antenna array is designed to operate in the 

millimeter-wave range at 28 GHz and 38 GHz, and the 

experimental results demonstrate good isolation and low 

mutual coupling of up to −36 dB in these frequency ranges. 

Elwi [9] investigated the design of a miniature cylindrical 

antenna array for MIMO systems. The antenna array 

comprises four omega-shaped monopoles and presents a 

mutual coupling value of approximately −30 dB at the 

resonant frequency (2 GHz to 3 GHz). The subsequent 

stage in the development of MIMO technology is massive 

MIMO, which involves the utilization of a large number of 

antennas to simultaneously transmit and receive multiple 

independent data streams. Increasing the number of 

antennas in a massive MIMO system significantly 

enhances throughput, spectral efficiency, capacity, and 

overall system performance [10, 11]. 
One of the significant indicators of effective MIMO 

system performance is the Envelope Correlation 
Coefficient (ECC). This coefficient is used to evaluate the 
degree of mutual correlation between the signals received 
from different antennas in a MIMO system. A high ECC 
value results in high correlation between the system ports 
and minimal isolation. Consequently, when designing an 
antenna system with numerous elements, it is crucial to 
consider the ECC value because it affects the system 
performance and can lead to degradation, reduced channel 
capacity, and intersymbol interference. Various methods 
exist to achieve minimal mutual coupling between 
radiating elements in compact systems. For example, in 
Ref. [12, 13], a hybrid Electromagnetic Band Gap (EBG) 
structure, Defected Ground Structure (DGS), and 
polarization diversity were employed to reduce mutual 
coupling. Naser et al. [14] reduced mutual coupling by 
utilizing a pair of C-shaped parasitic structures of different 
dimensions between the radiating elements. 

Increasing the number of antenna elements in a MIMO 

system not only enhances the performance, but also has 

adverse consequences, such as increasing the overall 

geometric size. One of the methods used to address the 

miniaturization of antenna elements is the application of 

fractal theory in antenna design. Fractal antennas have the 

property of self-similarity, implying the presence of 

similar structures at different scales [15]. This property 

allows for the repetition and scaling of curves, shapes, or 

segments of the active part of the antenna to achieve 

specific characteristics and improve the performance in 

compact sizes. Fractal antennas utilize various types of 

fractals in their design. Some of the primary types of 

fractals used in antennas include the Sierpinski triangle, 

Minkowski curve, Koch curve, Cantor set, and others  

[16, 17]. 

II. LITERATURE REVIEW 

Fractal antenna arrays have also found extensive 

applications in Fifth-Generation (5G) and Sixth-

Generation (6G) mobile communication systems [18–26].  

For example, a fractal two-element MIMO antenna for 

5G systems operating in the frequency range of 8–28 GHz 

was presented in Ref. [18] by Bisht et al. The efficacy of 

this antenna was evaluated by examining characteristics 

such as ECC, Diversity Gain (DG), and Mean Effective 

Gain (MEG), which are within the acceptable range for the 

proposed MIMO scheme. Vallappil et al. [19] presented a 

hybrid four-element fractal Minkowski-Serpinsky 

Antenna Array (MSFAA) in a 2×2 configuration for use in 

next-generation wireless systems (Wi-Fi 6E, 5G, and 

satellite communications). The measurement results 

demonstrated improvements in the bandwidth, gain, and 

radiation patterns. A two-element MIMO antenna for 

operation in the terahertz range (18 THz, 21 THz, and 31.6 

THz) and an O-shaped fractal patch antenna were 

developed in Ref. [20] by Patel and Baz. The proposed 

antenna design exhibits high gain and can be utilized for 

high-speed 6G communication systems. 

In Ref. [21], an antenna array for MIMO 5G systems 

based on four printed monopole fractal antennas in the sub-

6 GHz band was presented. The array uses the Moore 

fractal design, and the operating frequency ranges are 2.3 

GHz, 4 GHz, 4.7 GHz, and 5.4 GHz. Measurement results 

show gain values of 4.2 dBi, 1 dBi, 3.5 dBi, and 2.5 dBi at 

the respective frequencies, with a minimum correlation 

coefficient at high diversity. A 1×4 planar fractal antenna 

array for 5G millimeter-wave applications was presented 

in Ref. [22]. This array uses a rhombus inscribed circular 

ring fractal and has a total size of 28×17.75 mm². 

Simulation and experimental results show that the antenna 

provides wide impedance bandwidth in the 22.8 GHz to 

29.2 GHz range, with a gain of 10.7 dBi and radiation 

efficiency greater than 95%. An overview of technological 

advances in MIMO fractal microstrip antennas is presented 

in Ref. [26], where researchers discuss the advantages, 

disadvantages, and applications of fractal microstrip 

MIMO antennas. They also proposed methods to improve 

the antenna performance and increase the bandwidth. 

Several studies have considered certain types of fractal 

antennas with different designs. Based on the results of this 

study, the above-mentioned works show and note the 

features of the considered type of fractal without any 

comparison with other types. All the existing geometric 

fractals have certain deformation directions. Many of them 

are mainly omnidirectional; that is, the dynamics of space-

filling (growth iteration) develop isotropically. In this 

paper, to study the key characteristics of the antenna array, 

wire dipole antennas based on three types of Minkowski, 

Koch, and Zhanabayev fractals and a half-wave dipole 
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were considered. The choice of these fractals is explained 

by the fact that they are the most structurally extreme cases 

of directional deformation (Fig. 1). The Minkowski fractal 

is omnidirectional, the Koch fractal is semi-directional, 

and the Zhanabayev fractal has an anisotropic structure 

[27]. However, the question arises as to how much the 

direction of deformation of the fractal changes affects the 

overall orientation of the antenna array. In this study, the 

authors answer the question of how the Hausdorff 

dimension and fractal structure (direction of deformation) 

are related to the electrodynamic performance and 

directional properties of the antenna. 

  
(a)                                                    (b) 

 
(c) 

Fig. 1. Fractals structure: (a) MF; (b) AF; (c) KF. 

III. MATERIALS AND METHODS 

Computer modeling, experimental measurements and 

observations methods were used to investigate and analyze 

the electrodynamic performance and spatial correlation 

characteristics of the antenna.  The Ansys HFSS software 

package was utilized for computer simulation of the 

MIMO antenna characteristics, enabling the creation of 

models and calculation of three-dimensional 

electromagnetic fields for high-frequency devices, and is 

widely utilized by engineers globally [28]. 

A notable difference between the structure of traditional 

antennas and fractal antennas is that fractal antennas are 

characterized by fractional dimensions, whereas 

traditional antennas utilize objects with integer dimensions 

(rectangles, circles, cylinders, and others). Consequently, 

the calculation of the characteristics of fractal antennas 

differs from that of traditional antennas. 

The fractal Hausdorff dimension D is a fundamental and 

significant concept in fractal theory. It is employed to 

determine the dimension of a set in a metric space and can 

be defined by the equation [16]:  

   ln ( )
lim

1
ln

N
D







→
=

,                            (1) 

where δ is the scale coefficient, N is the minimum number 

of elements that form a self-similar structure. 

The Minkowski Fractal (MF) has the property of self-

similarity at all scale levels. As the iteration index 

increases, the appearance of bipolar jumps occurs in all 

directions (Fig. 1(a)) [29]. This fractal has Hausdorff 

dimension D = ln8/ln4 = 1.5.  

Zhanabayev’s fractal has anisotropic structure (AF). In 

this geometrical fractal, the first pre-fractal is formed as 

follows: the initial segment of length L0 is divided into 

three identical parts and the middle of these parts is 

replaced by a square with side length L0/3 without this 

element [30, 31]. As the number of iterations increases, the 

П-shaped parts are formed only in one direction, while the 

side links are not deformed (Fig. 1(b)), but are realized 

only in one direction. The dimensionality of this pre-fractal 

D = ln5/ln3 = 1.46. 

The Koch Fractal (KF) has fractal dimension D =1.26 

and similarity coefficient δ = 1/3. The Koch fractal is 

formed by dividing the unit segment into three equal parts 

and replacing the middle interval with an equilateral 

triangle without this segment (Fig. 1(c)) [31]. As can be 

seen from Fig. 1, the selected fractals have clear 

deformation directions.  

Fig. 2 shows computer models of the Zhanabayev, Koch 

and Minkowski antennas under consideration, performed 

in the Ansys HFSS modeling program. 

 
(a)                                                    (b) 

 
(c) 

Fig. 2.  Computer models of fractal-based antennas: (a) MF; (b) AF; 

(c) KF. 

Prototypes of these models are shown in Fig. 3. Copper 

with diameter d =1 mm (dielectric constant ε = 1.0) was 

used as the conductive material of the radiating element. 

All antennas were made for resonant frequency 430 MHz 

in order to compare them in the same band. Therefore, the 

dimensions of the antennas were different: the length of 

one segment of the Minkowski fractal was 6 mm, the total 

length of one radiating element is L = 96 mm, the 

Zhanabayev fractal is 11 mm and 99 mm, the Koch fractal 

with a pitch of 13.9 mm and 125.1 mm, a spacing between 

radiating elements for all antennas is l = 5 mm. Table I 

presents the main parameters of the considered antennas. 

 

 
(a) 
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(b) 

 
(c) 

Fig. 3. Prototypes of fractal antennas: (a) MF; (b) AF; (c) KF. 

TABLE I. GEOMETRIC PARAMETERS OF FRACTAL ANTENNAS 

Antenna type MF AF KF 

Length of one segment, mm 6 11 13.9 

Length of one radiating element, mm 96 99 125.1 

Gap between radiating elements, mm 5 5 5 

 

A. Geometrical Features of Fractal Antenna Arrays   

As part of a Linear Array, fractal elements can be 

arranged in line and parallel along the length of the antenna 

(Fig. 4). In parallel mode, there will be no gain in size and 

dimension since the fractality of the structure only affects 

the length of the antenna. In line mode, the overall size L∑ 

of the fractal antenna array is determined by the following 

empirical equation: 

02 ( 1)L m L m k = + − ,                           (2) 

where m is the number of antennas, k is the distance of 

neighboring antennas. In this paper, distance of 

neighboring antennas takes discrete distances equal to: k = 

λ/4, λ/2, 3λ/2, λ. L0 is the regular (non-fractal) length and 

is related by the fractal length L as follows [32]:  

( )

0 0 ,D d n nL L L D d  − − −= = = − ,                (3) 

where d is the topological dimension, n is the iteration 

index, 𝛾 is the difference between fractal and topological 

dimensions. 

 
(a) 

 
(b) 

Fig. 4. Arrangement of fractal elements: (a) line and (b) parallel. 

Fig. 5 shows the dependence of the total antenna size 

according to Eq. (2) for fractal antenna arrays at different 

number m, with the distance between antennas being λ/4 

and λ/2. From the above data, it can be seen that in this 

case, the smallest size has the antenna array based on MF, 

and the largest size has the antenna array based on KF.  

From this it can be concluded that if the fractal as part of 

the antenna array has the larger the fractal dimension, then 

accordingly the physical dimensions of the antenna array 

become smaller. 

 
Fig. 5. The dependence of the physical dimension of the antenna arrays 

on the number of fractal antennas, the parameters of which are given in 

Table I.  

B. Correlation Formulas of MIMO Antennas  

ECC is one of the important indicators of the effective 

performance of a MIMO system. A low ECC value 

indicates high isolation and low correlation between the 

ports of a MIMO system. 

ECC takes into account the antenna patterns, 

polarization as well as the relative phase of the fields 

between two antennas [33]. Using Eq. (4), the ECC can be 

calculated using the far-field radiation pattern of individual 

antenna elements [12]: 

𝐸𝐶𝐶𝑓𝑎𝑟−𝑓𝑖𝑒𝑙𝑑 =
|∬ [𝐸𝑖(𝜃,𝜙) 𝐸𝑗(𝜃,𝜙)𝑑𝛺]4𝜋 |

2

∬ |𝐸𝑖(𝜃,𝜙)|2𝑑𝛺  ∬ |𝐸𝑗(𝜃,𝜙)|
2

𝑑𝛺4𝜋4𝜋

,       (4) 

where 𝐸i(𝜃, 𝜙) and 𝐸j(𝜃, 𝜙)dΩ  are the radiation pattern of 

the far-field antennas excited from the power supply fed to 

port i and j, respectively,  𝜃 and 𝜙 are the elevation and 

azimuth angles. 
Another equation for calculating ECC is Eq. (5), which 

uses the scattering parameters (S11, S12, S21, S22) [12]: 
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2

* *

11 12 21 22

1/2
2 2 2 2

11 21 22 12(1 )(1 )
scattering

S S S S
ECC

S S S S

+
=

− − − −

,           (5) 

where S11 and S22 are the reflection coefficient parameters, 

S12 and S21 are the transmission coefficient parameters. 

IV. RESULT AND DISCUSSION 

A. Matching Characteristics  

This section presents the results of computer modelling, 

as well as experimental measurement of the main 

characteristics of the antennas under consideration. A 

Half-Wave Dipole (HWD) was selected to study the 

performance of fractal radiating elements compared to the 

classical radiating element. Fig. 6 shows the computer 

simulation results of antenna reflection coefficient (S11 

parameter) and Voltage Standing Wave Ratio (VSWR) 

coefficient for all three antenna types (KF, MF, AF).  

A low reflection coefficient (S11) and a VSWR value 

below two contribute to efficient power transmission, 

which is important to achieve optimal radiation pattern 

characteristics. This includes high gain and narrow beam, 

which together reduce interference and improve the signal-

to-noise ratio (SNR). As a result, these antenna parameters 

also affect the data rate [34, 35]. 

According to the simulation results of the S11 parameter 

(Fig. 6 (a)), KF has the closest values to HWD and shows 

good reflection coefficient results of -16.69 dB compared 

to MF, where the reflection coefficient is much higher than 

−6.74 dB and for AF is −10.12 dB. Fig. 6 (b) shows the 

results of the computer simulation of the VSWR 

coefficient. According to the Fig. 6 at the resonant 

frequency, the antenna has VSWR below 2 only for HWD, 

KF, AF, which shows the coherence and performance of 

the antenna in this frequency. 

              
(a)                                                                                                     (b) 

Fig. 6. Results of computer simulation of the parameters: (a) S11, and (b) VSWR. 

          
(a)                                                                                   (b) 

Fig. 7. Results of experimental measurement of the parameters: (a) S11, and (b) VSWR. 

Keysight P9370A vector circuit analyzer was used to 

obtain S11 and VSWR parameters experimentally. Fig. 7 

shows the experimental results of S11 reflection coefficient 

for KF, AF, MF and HWD. At the resonant frequency, the 

reflection coefficient for KF is −13.61 dB and the 

reflection coefficient for AF is −10.72dB. The reflection 

coefficient of MF also remains above −8.36 dB as in the 

computer modelling of the S11 parameter. In general, as can 
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be seen in Fig. 6 and 7, the measurement results of the 

computer model and the experiment are relatively similar. 

It is also important to note that the value of the reflection 

coefficient and VSWR are directly proportional to the 

dimension of the fractals under consideration, since MF, 

which has the largest dimension (D = 1.5) among the 

antennas under consideration, shows a relatively large 

reflection coefficient of −8.36 dB, unlike KF (D = 1.26), 

whose reflection coefficient is –13.61dB. 

B. Correlation Characteristics  

As mentioned earlier, any antenna array has mutual 
correlation between the signals received from different 

elements of the antenna array. There are various methods 
to achieve minimum mutual coupling between radiating 
elements with small system size [12–14, 36]. The ECC 
coefficient provides an estimate of the impact of the 
correlation between signals. Fig. 8 and Fig. 9 show the 
results of theoretical modelling, as well as experimental 
measurement of the dependence of the ECC coefficient on 
the distance between the radiating elements of an antenna 
array based on HWD, KF, MF, AF when the elements are 
arranged in line (Fig. 4 (a)) and parallel (Fig. 4 (b)). ECC 
values are determined based on data obtained using 
simulation in the Ansys HFSS software environment and 
physical measurement using a vector circuit analyzer. 

         
(a)                                                                                    (b) 

Fig. 8. ECC in line arrangement: (a) theoretical value and (b) experimental value. 

        
(a)                                                                                   (b) 

Fig. 9. ECC in parallel arrangement: (a) theoretical value and (b) experimental value. 

As can be seen from Fig. 8 and 9, the antenna array 
based on HWD, KF has the lowest ECC value when the 
elements are arranged in line and parallel. This is clearly 
visible from the graph when the elements are spaced at λ/4. 
The antenna array based on MF and AF has the highest 
ECC value, which indicates the presence of mutual 
correlation and lack of isolation between the elements of 
the antenna array. It should be noted that the fractal 
dimension depends on the ECC value, which also shows 

that the greater the fractal dimension an antenna has, the 
greater its ECC value becomes 

C. Relation of ECC with Directional Properties of 
Antennas  

The radiation pattern is related to the directional 
properties of the antenna and graphically shows the 
intensity of radiation or reception of electromagnetic 
waves depending on the different directions from the 
antenna. The radiation pattern is an important antenna 
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characteristic from which arise also, no less important 
characteristics of antennas, such as the beam width of the 
main lobe of the radiation pattern, the level of side lobes, 
the coefficient of shielding.  

 

 
Fig. 10. Block-diagram of measuring the radiation pattern. 

Beamwidth is defined as the angular sector within the 
main lobe of the antenna radiation pattern within which 
most of the signal energy is radiated. The beamwidth is 
measured by the half power level, which corresponds to a 

−3 dB reduction in the strength level or a 0.707 level in 
field strength. 

The equipment used to plot the radiation pattern 
consisted of: spectrum analyzer Agilent N9340B, RF 
signal generator NI PXIe1065, rotary system and KM6-
600/6000 measuring antenna (Fig. 10). 

Fig. 11 shows the plots of the radiation pattern obtained 
experimentally single radiating elements of the antenna 
array based on HWD, KF, MF, and AF. 

   
(a)                                                                             (b) 

   
(c)                                                                              (d) 

Fig. 11. Radiation pattern and beamwidth for antennas based on (a) HWD; (b) KF; (c) AF; and (d) MF pattern. 

As can be seen from Fig. 11, the greatest beamwidth of 

the radiation pattern has a fractal based on MF. 

Table II shows the calculated values of the beamwidths 

for all the antennas considered. 

TABLE II. THE BEAMWIDTH OF THE RADIATION PATTERN OF THE 

ANTENNAS  

Antenna type HWD MF AF KF 

Beamwidths – θ0,5 84 98 106 111 

 

The beamwidth of the antenna pattern is related to the 

antenna directivity coefficient D0 by the empirical 

equation [37]: 

𝐷0 = ((35. . .40) 103)/(2𝜃0.5𝐸   2𝜃0.5𝐻),      (6) 

where θ0.5E and θ0.5H are the pattern widths in the vertical 

and horizontal planes.  

However, another important antenna characteristic is 

the gain G(θ,φ). The gain factor shows the ability of the 

antenna to concentrate the signal in a certain direction and 

is related to the antenna directivity factor by equation [38]: 

𝐺(𝜃, 𝜑) = 𝐷0 𝜂𝑎,                      (7) 

where ηa is the antenna efficiency, D0 is the antenna 

directivity. 

Substituting Eq. (6) into Eq. (7), the relationship 

between the gain and the antenna radiation pattern 

beamwidth is obtained. Namely: the higher the gain, the 

narrower the antenna radiation pattern is, and 

correspondingly, the lower the antenna gain, the wider the 

antenna radiation pattern will be [39]. 
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Fig. 12. Antenna radiation patterns in a rectangular coordinate system. 

 

Equating Ei(θ,φ) to G(θ,φ) in the formula for 

determining the ECC coefficient Eq. (2), obtain that the 

greater the width of the radiation pattern of one radiating 

element of the antenna array, the stronger will be the 

mutual influence and low isolation between these elements. 

Сonsider an example of calculating the correlation 

between antennas with different radiation pattern. Fig. 12 

shows 2D antenna radiation pattern at φ=0, where F1(Θ) is 

the radiation pattern of the first antenna, and F2(Θ), F3(Θ), 

F4(Θ) is the radiation pattern of the second antenna, but 

with different radiation pattern  beamwidth and gain value. 

In general, the antenna radiation pattern can be defined 

as [37]: 

sin( )
( ) cos( ) n

n

n

X
F A

X
 = 

,                         (8) 

where 𝐴n is the level of the normalized main lobe, 𝑋n is an 

angular variable that sets the width of the main lobe. 

Then, for the function F1(Θ), F2(Θ), F3(Θ), F4(Θ) the 

parameters will be of the form shown in Table III. 

TABLE III. FUNCTION PARAMETERS  

Parameters of 

the main lobe 
F1 (Θ) F2 (Θ) F3 (Θ) F4 (Θ) 

An 1 0.5 0.6 0.8 

Xn 
12.5π/4 sin

(Θ) 

5π/4 sin 

(Θ) 
3π/2 sin 

(Θ) 

2π sin 

(Θ) 

 

The calculation results of ECC value between antennas 

by Eq. (4) are presented in Table IV. According to the 

results, it can be concluded that the wider of the radiation 

pattern of the antenna (at F2(Θ)), the greater the value of 

ECC (ECC = 0.83), which indicates a high correlation and 

strong mutual influence between the antennas. And 

accordingly, when the antenna’s radiation pattern is 

narrow (at F4(Θ)), the ECC value between antennas is 

minimal (ECC = 0.349). If the antennas’ radiation pattern 

are exactly the same (equal to F1(Θ)), the ECC correlation 

coefficient will be equal to 1, indicating a complete 

dependence between the antennas. 

TABLE IV. CALCULATION RESULTS OF ECC VALUE 

F1 (Θ) and F2 (Θ) F1 (Θ) and F3 (Θ) F1 (Θ) and F4 (Θ) 

0.83 0.621 0.349 

 

Thus, the degree of influence of the fractal dimension 

and the direction of fractal deformation on the spatial 

correlation characteristics and electrodynamic 

performance of the antenna is determined. The smaller the 

fractal dimension of the antenna, the better performance it 

has. However, such an antenna does not bring benefits in 

terms of physical size, since it has been revealed that the 

larger the fractal dimension, the smaller the geometric 

dimensions the antenna will have. Table V shows the 

comparative characteristics of all types of antennas under 

consideration Authors should discuss the results and how 

they can be interpreted from the perspective. 
 

TABLE V. COMPARATIVE CHARACTERISTICS OF ANTENNAS 

Parameter 
Types of the radiating elements  

MF AF KF HWD 

D – fractal dimension 1.50 1.46 1.26 1.00 

S11 – reflection coefficient 

(simulation), dB 
−6.74 −10.12 −6.69 −16.25 

S11 – reflection coefficient 

(experiment), dB 
−8.36 −10.72 −16.61 −16.55 

VSWR – standing wave 

coefficient (simulation) 
2.7 1.9 1.34 1.36 

VSWR – standing wave 

coefficient (experiment) 
2.23 1.82 1.53 1.34 

Beamwidth, θ0,5 111 106 98 84 

 

Based on the comparative data from Table V, it can be 

concluded that among all three types of fractal antennas 

under consideration, the Koch Fractal antenna has the best 

electrodynamic performance and spatial correlation 

characteristics. The value of the S11 parameter is about 

−16.6 dB, whereas for MF and AF-based antennas it 

reaches about −8 dB and less than −10 dB, respectively. A 

similar ratio is observed for the VSWR parameter. In 

addition, the beamwidth of the main lobe of the radiation 

pattern for a KF-based antenna is smaller (98°) than for 

MF and AF-based antennas (111° and 106°, respectively). 

Based on the data from Eqs. (6) and (7), it can be 

established that with the same supplied powers, the KF-

based antenna will have a higher gain than MF and AF, as 

well as lower ECC values. The only limitation of this 

antenna is its large size in comparison with the MF and ZF.  

Based on the calculations according to Eqs. (2) and (3), 

it is important to note that the use of fractal antennas in 

dipole design in the creation of antenna arrays make it 

possible to significantly reduce the geometric dimensions 

of the system compared with classical half-wave and 

quarter-wave dipole antennas. This provides a significant 

advantage in terms of the compactness of the antenna 

system, which makes fractal antennas a promising choice 

for applications with limited space. However, as the results 

of this section show, classical antennas with the correct 

geometry have a relatively higher gain compared to fractal 

antennas. Thus, the choice between fractal and classical 

antenna array design should take into account the balance 

between compactness and gain requirements, based on 

specific tasks and application conditions. 
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V. CONCLUSION 

This study investigates the dimensional and 

electrodynamic performance of a fractal antenna array 

based on KF, MF, and AF. Additionally, a half-wave 

dipole was examined as a radiating element to provide a 

comparative analysis of the fractal antenna array’s 

performance against that of a classical antenna array. The 

research yielded theoretical and experimental modeling 

results for parameters such as reflection coefficient, 

voltage standing wave coefficient, and ECC correlation 

coefficient. 

The comparative analysis of the performance of KF, MF, 

and AF-based fractal antenna arrays reveals that the 

Minkowski-based fractal and Zhanabayev anisotropic 

fractal demonstrate the best dimensional characteristics 

due to their high fractal dimensionality values. It is 

observed that an inverse relationship exists between the 

fractal dimensionality of the antenna and its physical 

dimensions. However, these fractals do not demonstrate 

favorable spatial correlation characteristics. Computer 

modeling and experimental measurements indicate that 

antennas with smaller fractal dimensions demonstrate 

improved matching and ECC indicators. An investigation 

of the directional properties of the antennas under 

consideration revealed a relationship between the ECC 

coefficient and the beamwidth of the radiation pattern. It is 

noted that a single antenna array radiating element with a 

wider radiation pattern results in stronger mutual 

correlation between elements and minimal isolation. The 

Koch fractal and the half-wave dipole demonstrated the 

best ECC correlation coefficient indicators among the 

antenna array elements. The findings of this study provide 

relevant and recommendatory insights for the initial stages 

of designing antenna systems with compact dimensions 

and enhanced electrodynamic performance and spatial 

correlation characteristics. It is important to note that the 

use of fractal geometry to create antennas and antenna 

systems in general allows to reduce their size and 

dimensions. However, this approach is accompanied by 

certain difficulties in manufacturing complexity due to the 

features of geometry. 
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