
A Metamaterial-Based Compact MIMO Antenna Array Incorporating Hilbert Fractal 

Design for Enhanced 5G Wireless Communication Networks 

Leena Ali1, Muhammad Ilyas1 , Taha A. Elwi2*

1 Department of Electrical and Electronics, Faculty of Engineering and Architecture, Altinbas University, Istanbul 60011, 

Turkey 
2 International Applied and Theoretical Research Center (IATRC), Communication Department, Almammon College, Baghdad 

11001, Iraq 

Corresponding Author Email: taelwi82@gmail.com

https://doi.org/10.18280/mmep.100324 ABSTRACT 

Received: 16 October 2022 

Accepted: 3 February 2023 

A novel compact antenna array design, tailored for 5G applications, is introduced in this 

paper. The proposed antenna operates in the sub-6GHz frequency range, ensuring 

optimal wave propagation characteristics in local areas. To achieve this, a Hilbert fractal 

patch-based design is employed. The antenna is developed as a two-element array, 

catering to Multi-Input Multi-Output (MIMO) communication systems. The overall 

size of the antenna array is reduced by minimizing the spacing between the antenna 

elements, which is achieved through the integration of Metamaterial (MTM) 

Minkowski inclusions as defects on the back panel. The antenna exhibits a gain greater 

than 4.7dBi within the targeted frequency band, with a maximum coupling of -20dB. 

Two primary frequency bands, centered around 3.5 GHz and 5.5 GHz, are demonstrated 

by the antenna array. The proposed design is fabricated and subsequently subjected to 

experimental testing. The measured results exhibit excellent agreement with their 

corresponding simulation outcomes, confirming the effectiveness of the proposed 

antenna design. 
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1. INTRODUCTION

In recent years, the rapid development of mobile 

communication networks has necessitated the need to satisfy 

increasing demands for data rates within the range of gigabits-

per-second [1, 2]. As a result, the urgency to develop modern 

antenna designs that cater to contemporary wireless 

communication systems has become paramount [3]. However, 

designing antennas with wide bandwidth and enhanced gain is 

challenged by the constraint of antenna size limitations [4]. To 

address these challenges, researchers have employed various 

techniques, such as the composite right-left-hand microstrip 

antenna with an enhanced gain bandwidth product for RF 

energy harvesting at 2.45 GHz and 5.8 GHz, as presented in 

studies [5, 6]. Additionally, low-profile fractal antenna 

structures based on Metamaterial (MTM) arrays have been 

developed for modern Wi-Fi systems [7]. A circularly 

polarized fractal antenna structure based on the Koch-

snowflake 1st iteration was proposed for 5G handset systems, 

with the antenna ground plane featuring MTM unit cell defects 

[8, 9]. 

MTMs have significantly contributed to the advancement of 

antenna systems due to their unique properties, characterized 

by exceptional electromagnetic constitutive parameters [10]. 

In the study [11], certain MTM inclusions were incorporated 

into an antenna patch to control the beam steering capacity 

using two semiconductor switches. Another study [12] utilized 

an MTM layer on top of an antenna patch to enhance antenna 

gain at Wi-Fi bands. The integration of MTM structures into 

the antenna ground plane was explored in the study [13] to 

minimize back lobe effects at 3.4 GHz. A different approach 

was proposed in the study [14], employing MTM to ensure 

antenna surface wave propagation toward the end-fire 

direction for gain-bandwidth enhancements. Lastly, an MTM 

antenna design was presented in study [15], resulting in a gain 

enhancement at 4.6 GHz for 5G communication networks. 

Nevertheless, certain limitations persist in existing designs. 

For instance, the microstrip antenna array for 5G networks at 

28 GHz bands, based on 4×4 elements, as presented in study 

[16], suffered from limited propagation, which was not 

addressed in their work. Another design, proposed in study 

[17], utilized a triple-band with dual polarization printed 

circuit antenna array for MIMO systems in the sub-6 GHz for 

5G applications. An antenna developed for 5G applications, 

using a 3D profile of four printed antenna elements separated 

with MTM defects, provided high gain bandwidth. However, 

the complex structure was impractical for low-profile devices 

[18]. A reconfigurable antenna element with optical switches 

was proposed in study [19], but the array systems analysis was 

not considered. In study [20], a microstrip antenna based on 

MTM defects was proposed for the same application, but with 

limited gain at a single frequency band. 

In this work, a novel antenna array design based on an MTM 

array is proposed, aiming to achieve a miniaturized antenna 

structure for 5G communication networks. The proposed 

MTM arrays are mounted parallel to a conductive trace, 

ensuring in-phase reflection characteristics and high-

impedance response while mitigating the effects of surface 

wave retardation from the antenna edges. This technique 

demonstrates gain-bandwidth enhancements over 
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conventional printed antenna structures [16], as will be proven 

later. In Section II, the antenna's geometrical details are 

presented. The antenna design methodology is discussed in 

Section III. The obtained results are analyzed in Section IV. 

The antenna fabrication and testing are provided in Section V. 

Finally, the paper is concluded in Section VI. 

 

 

2. ANTENNA GEOMETRY 

 

 
 

Figure 1. Antenna design based on the proposed MTM array 
 

The proposed antenna in this work, see Figure 1, is 

consistent with 4 main parts: The feeding structure based on a 

CPW, the T-Stub structure, the Hilbert fractal patch, and the 

MTM layer. These structures are printed together on the same 

substrate based on tectonics FR-4 epoxy polymer of εr=4.3 

with tanδ=0.000078. The antenna is configured as an array of 

two elements for MIMO applications with a maximum size of 

50mm×37mm. The authors, conducted in their design the use 

of the proposed CPW to feed their antenna because, in such a 

technique, the transmission line and the ground plane are 

mounted on the same side of the substrate. Therefore, in such 

a structure, the effects of the generated surface waves may 

realize minimum effects on the patch operation. Using such a 

structure operate at a wide frequency bandwidth with 

minimum effects of capacitive and inductive losses due to the 

location of the ground plane on the same side of the 

transmission line [11]. Particularly for this work, the authors 

picked such a technique to ensure keeping the other side of the 

substrate is free to lunch the proposed MTM structure. The 

other part of the proposed antenna element is the use of a T-

stub structure to couple the electromagnetic energy 

capacitively to the patch geometry [13]. In such a process, 

intenerate losses could be realized due to the effects of 

conservation losses in the resulting capacitor [11]. Therefore, 

it is very important to consider that in the patch geometry to 

be constructed as an inductor behavior to eliminate the effects 

of the capacitive load. Moreover, the effects of the capacitive 

load are very important to enhance the antenna bandwidth [4] 

for the proposed applications. Next, the patch geometry is 

constructed as a Hilbert shape of the 3rd order to increase the 

number of frequency resonances within the frequency band of 

interest [6]. Consequently, the use of the proposed MTM 

structure when it is shaped as a Minkowski fractal of the 4th 

order satisfies the number of the generated bands. Such MTM 

is designed to eliminate the effects of coupling at the 

frequency band of interest [8]. For more geometrical details, 

the authors presented the antenna design in Figure 1. 

 

 

3. MTM UNITE CELL CHARACTERIZATIONS 

 

The proposed MTM design, see Figure 1, is discussed in this 

section. The analysis is conducted based on a full wave 

simulation and circuit transmutation line. This design is 

structured from 6unit cells to realize an excellent frequency 

cut-off sharpness [5]. Each unit cell the structure third 

Minkowski to provide MTM left-hand properties at the 

frequency band on interest [6]. Therefore, the design circuit 

model is described in Figure 2(a). In this circuit model, it is 

assumed that Cl and Lc are the representation of the left-hand 

branch; in which, the phase of wave propagation is out of 

energy flow [9]. This is observed in the band gap of phase 

variation with frequency in Figure 2(b). Furthermore, from the 

evaluated S-parameters, S11 and S12, in Figures 2(c) and 2(d), 

respectively, cut-off bands are found in the spectrum at the 

desired frequency. Such observation mainly is due to stored 

energy in the capacitive inductive part [10]. The effects of 

coupling, inductive and capacitive, are given by LR and CR; 

between the proposed unit cell parts [2], described as the right-

hand branch finally for validation numerical simulation based 

on CST MWS is invoked to evaluate the proposed unit cell 

performance. It is found an excellent agreement between the 

obtained results from both CST MWS and the circuit model. 

The lumped element of the proposed model values is listed in 

Table 1. 

 

Table 1. Circuit model lumped elements 

 
Lumped element Value 

LT 0.1 nH 

RT 50 Ω 

CT 40 pF 

L1 1.1 nH 

C 35 pF 

R 70Ω 

L 0.2 nH 

931



 
 

Figure 2. MTM unit cell performance: (a) circuit model, (b) 

dispersion diagram, (c) S11 spectra, and (d) S12 spectra 

 

 

4. DESIGN METHODOLOGY 

 

In this section, the authors applied a parametric study to 

arrive at the optimal antenna array design by using a numerical 

technique based on CST MWS software package therefore; the 

design procedure is divided into two mean parts: 

 

4.1 Single patch study 

 

4.1.1 T- stub 

The authors introduce the design of the proposed t-stub after 

conducting the parametric study by changing the width (w) 

from 3mm to 6mm with the step of 1mm. The main reason for 

considering that small size, in their study, is to maintain the 

antenna size redaction, as will see later, and ensure a high field 

gradient [12]. It is found from the resented result in Figure 3(a), 

insignificant variations in the frequency resonant due to 

changing the parameter w. However, the frequency band of 

interest at 4.3GHz. Therefore, the authors consider the width 

of the T-stub (w=3) as the optimum choice in which realis 

fundamental mode with an excellent matching and best 

radiation properties to give again of 1.5dBi as shown in Figure 

3(b).  

 
 

Figure 3. Antenna performance variation with the width of 

the proposed T-stub change only: (a) S11 and (b) gain spectra 

 

4.1.2 Hilbert effects 

For this, the proposed patch geometry is studied 

numerically by changing the Hilbert order from the 1st 

iteration to the 4th iteration with the aim of monitoring the 

effects of that on the antenna S11 and gain. As seen in Figure 

4(a), the number of the generated frequency resonances is 

increased with increasing the Hilbert iteration order up to 4 

bands. However, when the 4th order is considered, the 

generated modes crossed the frequency band with a significant 

degradation in the machining impedance. Nevertheless, the 

effect of varying the iteration number on the antenna gain is 

significantly changed. It is found that the proposed antenna 

gain is about 5.6dBi at 3.5GHz for the case of the 3rd iteration. 

The proposed antenna based on the 4th iteration shows less 

gain, about 1.8dBi, at 3.5GHz. Therefore, the authors 

considered the 3rd iteration of the proposed Hilbert as the best 

choice for this design. 

Next, it is good to consider the effects of the coupling 

distance (d) between the proposed t-stub and Hilbert geometry. 

Thus, the distance is changed for this study from 1mm to 4mm 

with a step of 1mm it is found from the results that are 

presented in Figure 5(a), an excellent enhancement is achieved 

in the antenna bandwidth with a significant change in the 

antenna gain, see Figure 5(b) this is at reputed to the effect of 

coupling lose that realizes a capacitive storing effect indeed, 

the distance (d =2mm) to maintain energy fringing a 

fundamental mode with storing effect which maintaining 

maximum gain achievement.  

 

 
 

Figure 4. Antenna performance variation with fractal 

iteration change only: (a) S11 and (b) gain spectra 
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Figure 5. Antenna performance variation with fractal 

iteration change only: (a) S11 and (b) gain spectra 

 

4.1.3 CPW effects 

The proposed antenna is the with CPW structure as seen in 

Figure 1. The authors conducted, therefore, by changing the 

air gap distance from 0.1mm to 0.7mm with the step of 0.3mm 

parameter. It is found increasing the distance GA by more than 

0.1mm reduces the antenna matching significantly. This is due 

to the fact of increasing the capacitive coupling loss 

respectively to t-stub; that emendates the surface current in the 

air gap [9]. Therefore, keeping the distance to the minim at 

0.1mm is the best choice the obtained result from this 

parametric study is presented in S11 spectra as depicted in 

Figure 6(a). No significant effects on the antenna gain are 

found after increasing GA parameters as shown in Figure 6(b). 

Moreover, the effects of changing the ground plane length 

(LG) are studied by changing it parametrically from 5mm to 

10 mm with the step of 2.5mm. The effects of this variation 

are monitored with respect to the S11 spectrum. We found that 

the proposed antenna matching impedance gets much better at 

7.5mm in comparison to other cases in Figure 7(a). Such 

enhancement is attributed to the effect of the inductive 

coupling increase by the Hilbert geometry and the surface way 

diffraction from the antenna ages [3]. This is because surface 

wave retardation is a common side effect in CPW antenna 

designs [5]. Also, the proposed antenna gain is found to 

significantly increase the antenna gain as shown in Figure 7(b). 

 

 
 

Figure 6. Antenna performance variation with fractal 

iteration change only: (a) S11 and (b) gain spectra 

 
 

Figure 7. Antenna performance variation with fractal 

iteration change only: (a) S11 and (b) gain spectra 

 

4.2 MIMO array study 

 

4.2.1 Without MTM  

The effects of separation distance (s) between the antenna 

elements are changed from 5mm to 15mm with the step of 

5mm with the aim to evaluate the effects of that on the S-

parameters (S11 and S12). As seen in Figure 8(a), the 

frequency resonant is shifted significantly at the fundamental 

mode away from 3.5GHz as can be seen from the S11 spectra. 

This is due to the effects of coupling from adjacent antenna 

elements. Also, the antenna frequency resonance is found to 

be significantly affected by high degradation in matching 

impedance. On the other hand, the effect of coupling is found 

to be significantly reduced by increasing the separation 

parameter. This result is agreed well with the published results 

[6] and the effect of surface wave degradation with distance 

[4]. Therefore, the proposed antenna array separation distance 

is fixed to 10mm to ensure low coupling with minimum 

distance. However, the coupling effect is found to be less -

10dB, see Figure 8(b) that is motivated the authors to consider 

MTM introduction an urgent need for that as will be seen in 

the next section. 

 

 
 

Figure 8. Antenna array S-parameters variation with 

changing the separation distance: (a) S11 and (b) S12 spectra 

 

4.2.2 With MTM 
Now, the proposed MTM structure introduction to the 

antenna array performance in terms of S11 and S12 spectra. 

For this, the authors numerically changed the distance between 

the antenna elements from 5mm to 15mm with the step of 
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5mm. It is observed a significant enhancement in the antenna 

bandwidth due to the proposed MTM introduction is seen in 

Figure 9(a). We found that the proposed antenna array mutual 

coupling in terms of the S12 spectrum is dropped to -20 at the 

frequency band of interest when S is fixed to 5mm. 

Nevertheless, increasing the introduction of the proposed 

MTM structure reduced the antenna array mutual coupling 

S12 below -20 with insignificant variation in the bandwidth as 

shown in Figure 9(b). This is attributed to the effects of MTM 

introduction which releases vancient mode propagation due to 

the effect of the energy reflection propagation in the backward 

direction [8]. 
 

 
 

Figure 9. Antenna array based on 1 column of the proposed 

MTM S-parameters variation with changing the separation 

distance: (a) S11 and (b) S12 spectra 
 

Such propagation creates an in-phase reflection on the patch 

surface that cancels the surface ways at the array center [12]. 

Therefore, the author decided to introduce another column, 

two columns, by changing the distance S from 4mm to 6mm 

with a step of 1mm. It is good to mention that reducing the 

distance, S, below 5mm effect directly on the antenna coupling 

as shown in Figure 10. The antenna bandwidth is enhanced 

significantly with enhanced matching impedance as shown in 

Figure 10(a). The antenna frequency resonance is changed due 

to the near field coupling, S12 spectrum, as shown in Figure 

10(b). It is recognized that S12 is about -20dB at 3.5GHz when 

S=5mm. 
 

 
 

Figure 10. Antenna array based on 2 columns of the 

proposed MTM S-parameters variation with changing the 

separation distance: (a) S11 and (b) S12 spectra 

5. RESULTS RECONFIGURATION AND SWITCHING 

SCENARIOS 

 

In this section, the proposed antenna array performance in 

terms of S11 spectra and gain are evaluated to realize the 

effects of the LDR switching process. Therefore, we 

considered different switching statuses as listed in Table 2. In 

this process, two LDR switches for each antenna element are 

controlled. The used LDR statues are switched OFF (00) the 

proposed antenna to show a different S11 than the case of ON 

statues (11) as shown in Figure 11(a). This is due to the fact of 

shorting the Hilbert part to the proposed CPW ground plane. 

Indeed, the antenna gain could be significantly changed when 

the switching status is affected as seen in Figure 11(b). 

Nevertheless, the antenna gain is found to be significantly 

affected by changing the switching scenarios. In, the radiation 

losses could affect the antenna gain due to the ground plane's 

resistive part [5]. The authors realized that such change in the 

antenna bandwidth and gain nominates the proposed antenna 

array and an excellent candidate for the application to the 

applications of the smart antenna terminal. 

 

Table 2. Comparison between the switching scenarios 

operation in terms of antenna performance 

 

R1 R2 
Frequency/ GHz @ S11≤-

10dB 
Gain/ dBi 

0 0 1.8, 3.3, 4.8, 5.5, 5.8 9.8, 10.8, 2, 0, 9.9 

0 1 2.5, 3.9, 4.8 2.7, 4.1, 3.8 

1 0 1.3, 2.1, 2.8, 3.9, 4.8, 5.8 
1.7, 2.7, 2.3, 4, 3.5, 

3.7 

1 1 2.5, 3.9, 4.8 2.9, 4, 11.6 

 

 
 

Figure 11. Antenna array performance with different 

switching scenarios: (a) S11 and (b) gain spectra 

 

 

6. RESULTS DISCUSSION AND EXPERIMENTAL 

VALIDATION 

 

In this section, the proposed antenna is fabricated as shown 

in Figure 12(a). The fabricated antenna array S11 spectra are 

tested experimentally as seen in Figure 12(b). The proposed 

antenna array is tested at two cases of 00 and 11 statuses to 

provide a frequency resonance variation and gain of about 

5.8dBi at 3.5GHz. Later, the antenna array gain spectra are 

measured as seen in Figure 12(c). The measured results are 

compared with their relative simulation results. 
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Experimentally, the proposed antenna is connected to a 

vector network analyzer of two ports type PNA-X Series 

N524xB of key site technology. The antenna is connected to a 

flexible 50Ω cable after applying a short, open, and 50Ω 

calibration kit. Therefore, the antenna S11 spectrum is 

measured after applying the self-port calibration process. 

 

Table 3. Antenna performance with respect to the published results 
 

References 
Antenna array 

size 

Frequency 

bandwidth/ GHz 

Maximum 

Gain/ dBi 

Coupling/ 

dB 

Separation 

distance 
Reconfiguration 

[1] 32.6×24 mm2 2.8 (S11≤-10) 2.1 -15 λ/3.2 Not reconfigurable 

[2] 62×62 mm2 3.3-3.91 (S11≤-10) 3.3 -16 λ/2.7 Not reconfigurable 

[3] 160×160 mm2 3.38-3.95 (S11≤-10) 4.9 -10 λ/4 Not reconfigurable 

[4] 66.7×48.6 mm2 3.5 (S11≤-10) 3.6 -18 λ/2.3 Not reconfigurable 

[5] 
68.71×68.48 

mm2 
3.5 (S11≤-10) 4.2 -13 λ/4.3 Not reconfigurable 

[6] 133×133 mm2 3.5 (S11≤-10) 6.1 -19 λ/2.1 
Radiation reconfiguration 

with PIN diodes 

[7] 30×26 mm2 2.8 (S11≤-10) 4 -15 λ/3.4 
Polarization reconfiguration 

with PIN diodes 

[8] 50×110 mm2 5.8 (S11≤-10) 2.6 -10 λ/2.5 Not reconfigurable 

[9] 26×26 mm2 5.8 (S11≤-10) 5.5 -14 λ/2.3 Not reconfigurable 

[10] 50×50 mm2 5.8 (S11≤-10) 5.8 -15 λ/2.6 Not reconfigurable 

[11] 156×79 mm2 3.4–3.6 (S11≤-10) 5.1 -15 λ/8.6 Not reconfigurable 

[12] 150×80 mm2 
3.4-3.8, 5.15-5.925 

(S11≤-6) 
6 -20 λ/10 Not reconfigurable 

[13] 150×80 mm2 3.3-3.8 5.3 -20 λ/28 Not reconfigurable 

This work 45×25×25 mm3 3.1-5.75 (S11≤-10) 5 -20 λ/15 
Radiation reconfiguration 

with LDRs 

 
 

Figure 12. Antenna array performance measurements with 

different switching scenarios: (a) fabricated prototype, (b) 

S11, and (c) gain spectra 

 

Next, the proposed antenna is located on a plastic arm with 

a fixed location from a stander horn antenna. Next, the two 

parts calibration process is applied to minimize the free space 

losses. Therefore, the gain measurement can be processed for 

antenna characterizations. 

Finally, the authors listed several relative works in Table 3 

to be compared with the proposed antenna array design. In the 

comparison, the antenna size, frequency band, gain, and array 

factor are compared to each other. It is found that our proposed 

design releases maximum size redaction with minimum 

coupling. On top of that, the antenna gain and bandwidth are 

found to be much better than many other published results. 

 

 

7. CONCLUSIONS 

 

The proposed antenna is design for 5G applications when 

two antenna elements are configured in a single array. The 

individual antenna element is structured from a Hilbert patch 

with a CPW feed. The back panel of the antenna array is 

defective with an MTM to behave as a reject band filter. The 

proposed antenna array is found to show frequency resonances 

at 3.5 GHz and 5.5GHz with gains of about 4.7dBi and 5.3dBi, 

respectively. The maximum mutual coupling is not exceeding 

20 dB at the frequency bands of interest. This is realized by 

introducing the proposed MTM structure that suppresses the 

surface wave propagation at the middle of the antenna array. 

The simulated and measured results are compared to each 

other to provide excellent agreement. 
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NOMENCLATURE 

 

MIMO Multi input multi output 

5G Fifth generation 

3D Three dimensional structure 

S11 Reflection coefficient 

S12 Transmittance coefficient 

CPW Coplanar wave guide 

LDR Light dependent resistor 
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