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A B S T R A C T   

In this article, we propose the design of a rectangular-shaped patch antenna suitable for ultra- 
wideband (UWB) applications and short and long–range Millimeter-Wave Communications. We 
begin with the design of a high-gain UWB rectangular patch antenna featuring a partial ground 
plane and operating within the 3.1–10.6 GHz bandwidth. Complementary Split Ring Resonators 
(CSRRs) are integrated on both sides of the structure to meet desired specifications. The resulting 
UWB antenna boasts an extended frequency bandwidth, covering 2.38–22.5 GHz (twice that of 
the original antenna), with a peak gain of 6.5 dBi and an 88% radiation efficiency. The grey wolf 
optimization technique (GWO) determines optimal structural dimensions. Validation of the an-
tenna’s performance is demonstrated through the strong agreement between measurement and 
simulation.   

1. Introduction 

Ultra-Wideband (UWB) technology has a wide range of uses and applications in various fields due to its unique features and ca-
pabilities. Some common applications of UWB technology include precision location and tracking systems [1,2], even in areas with 
poor GPS coverage. UWB technology is utilized in imaging and sensing [3]. It includes medical imaging, through-wall imaging, and 
ground-penetrating radar. UWB technology also finds applications in wireless communication for high-speed data transfer [4], 
enabling both short–range and long–range communication. Additionally, UWB technology is employed in automotive applications like 
collision avoidance, blind spot identification, and vehicle-to-vehicle communication. It is also used in security and surveillance ap-
plications to track intruders’ movements in restricted areas and detect their presence [5]. 

Various optimization algorithms are commonly employed in the electromagnetic field to design antennas [6]. The most widely used 
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algorithms are Genetic Algorithms (GA) [7], Particle Swarm Optimization (PSO) [8], Ant Colony Optimization (ACO) [9], Differential 
Evolution (DE) [10], and Grey Wolf Optimization (GWO) [11]. 

Grey Wolf Optimization is a population-based optimization algorithm that simulates the social hunting behavior of grey wolves. 
GWO requires minimal parameter tuning and can converge quickly to the global optimum. GWO was successfully utilized to improve 
UWB antenna arrays’ beam-forming capabilities to produce high gain and guided radiation patterns [12]. It was applied for con-
structing UWB antenna matching networks to reduce reflection losses. The GWO was also employed to identify and classify different 
UWB antenna radiation patterns [13]. 

Split Ring Resonators (SRR) and Complementary Split Ring Resonator (CSRR) are artificially engineered materials that exhibit 
exotic electromagnetic properties, such as negative permittivity and negative permeability. They can be used to manipulate the 
propagation of electromagnetic waves. 

They are often used in antenna design to enhance their performance [14]. SRR and CSRR can be implemented on the ground face of 
the antenna as a Defected Ground Structure (DGS), which creates band-stop or band-pass characteristics in the frequency response. 
They can also be implemented on the front face of the antenna as a slot [15]. 

In this work, we aimed to design a UWB antenna operating at [2.4 GHz–22 GHz] bandwidth and suitable not only for applications 
like WIMAX, WLAN, and ISM but also for short and long-range Millimeter-Wave Communications, including 5 G. We first started by 
designing a UWB antenna with a rectangular patch and partial ground plane, then we introduced a DGS on the ground plane and a 
disturbing pattern in the form of a slot on the patch. For this purpose, we developed an application programming interface (API) 
between HFSS and MATLAB, where GWO is utilized as an optimization method. 

To enhance the robustness of our study, we fabricated the antenna and conducted a thorough comparison between the measured 
and simulated results. We have also provided a comparative table to assess the characteristics of our antenna in relation to those 
presented in similar research studies. 

The novelty and technical contributions of the article include: (i) a conceptual development of a new optimized UWB antenna using 
the GWO approach, (ii) creation of a compact UWB antenna (47 × 35 mm) with good performance in terms of operational bandwidth 
(2.38–22.5 GHz) and high gain (9.34 dBi), (iii) comparison of the proposed antenna with the previously reported antennas in literature 
to show the uniqueness of this work in the form of a table. It is the first time that the DGS structure has been used in conjunction with 
GWO algorithm for UWB antenna design. 

2. Grey wolf optimization (GWO) algorithm 

GWO takes cues from the grey wolf packs’ social structure and hunting habits. The tracking, surrounding, hunting, and attacking 
processes seen in grey wolf populations are mathematically simulated by the GWO program. Grey wolves participate in a three-stage 
hunting process that includes circling the prey, attacking the prey, and stratifying the social hierarchy [16]. 

Fig. 1 illustrates the social structure of grey wolves, highlighting the functions served by each hierarchy within the pack. However, 
GWO may have limitations in handling discrete or combinatorial optimization problems. It requires appropriate parameter tuning for 
optimal performance, and its convergence speed can be affected by problem complexity. 

Fig. 1. Hierarchy of wolves.  
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2.1. Social hierarchy 

Grey wolves can locate possible prey; this search is mostly carried out with the assistance of α, β, and δ wolves, as shown in Fig. 2. 
Each iteration retains the top three wolves (α, β, δ) in the current population, while the remaining individuals are designated as ω 
wolves. 

2.2. Encircling the prey 

Grey wolves encircle animals during hunting. The following equations (1)–(4) are used to quantify encircling behavior: 

X(t+ 1)=Xp(t) − A.|C.XP(t)− X(t)| (1)  

B= 2b.r1 − b (2)  

C= 2.r2 (3)  

b= 2 − 2(t / I) (4)  

where X represents the direction of the grey wolf, the prey’s position vector is Xp; the most recent iteration is t; B and C are vectors of 
coefficients r1 and r2; r1 and r2 are random vectors in the range [0, 1]. The distance control parameter is denoted by b, its value de-
creases linearly from 2 to 0 throughout iterations. The maximum number of iterations is I. 

2.3. Attacking the prey 

During each cycle, the best three wolves (α, β, and δ) in the current population are retained, while the locations of other search are 
updated based on the position information of the three wolves. The agents position is given by the following equations (5)–(8): 

X1 =Xα − B1 ⋅ |C1Xα − X| (5)  

X2 =Xβ − B2 ⋅
⃒
⃒C2Xβ − X

⃒
⃒ (6) 

Fig. 2. Position updating in the GWO method.  
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X3 =Xδ − B3 ⋅ |C3Xδ − X| (7)  

X(t+ 1)= (X1(t) +X2(t) +X3(t)) / 3 (8)  

in the following equations (9)–(11), Xα, Xβ and Xδ are the position vectors of α, β and δ wolves, respectively. B1, B2, and B3 are similar to 
B. C1, C2, and C3 are similar to C. 

Sα =C1.Xα − X (9)  

Sβ =C2.Xβ − X (10)  

Sδ =C3.Xδ − X (11)  

in equations (9)–(11) Sα, Sβ, Sδ are the distances between the current candidate wolf and the top three wolves. The remaining con-
tenders then randomly update their locations near the prey, guided by the current best three wolves. They begin searching for prey 
position information disorganizedly before focusing on assaulting the victim [17]. 

Fig. 3. SRR structure.  

Fig. 4. S-parameters of simulation.  

I. Bouchachi et al.                                                                                                                                                                                                     



Heliyon 10 (2024) e26337

5

3. Split ring resonator 

In what follows, we will investigate the SRR shown in Fig. 3. Numerous researchers have extensively studied this type of resonator 
[18–20]. The SRR are composed of two rectangular loops with widths w1 = 2.2 mm and w2 = 1.5 mm as well as a split gap with widths 
g1 = g2 = 0.3 mm; added to the outer and inner rings, respectively, to allow capacitance effect to be introduced. The space between the 
inner and outer rings is w3 = 0.15 mm and the width of the wire is t = 0.14 mm. 

Altering the dimensions of the SRR not only affects the values of the equivalent circuit’s RLC components but also enables the 

Fig. 5. Real and imaginary parts of SRR permeability.  

Fig. 6. Real and imaginary parts of SRR permeitivity.  
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material to exhibit metamaterial behavior at specific frequencies. This phenomenon is attributed to the emergence of negative 
permittivity and permeability [21,22]. 

The SRR properties are presented in terms of S-parameters; reflection coefficient (S11) and transmission coefficient (S21). An 
electromagnetic wave in the direction of the x-axis excites the structure to be tested, which is positioned between two waveguide ports. 
Perfect electric conductor (PEC) boundaries have been defined along the walls perpendicular to the y-axis, while perfect magnetic 
conductor (PMC) boundaries have been defined along the walls perpendicular to the z-axis. The obtained S parameters are shown in 
Fig. 4. 

The Nicolson-Ross-Weir (NRW) technique [23,24] was utilized to acquire permittivity and permeability values from the Scattering 
parameters. The estimated real and imaginary parts of permittivity and permeability characteristics are presented in Figs. 5 and 6. 

CSRR resonators are typically introduced to resonate at a frequency close to the operational frequency of the device. Given that our 

Fig. 7. Effect of SRR size variation on resonance frequency.  

Fig. 8. CSRR structure.  
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antenna operates in the UWB spectrum, a thorough study is essential to determine the optimal size for the resonator. To tackle this, we 
introduced a scaling coefficient, denoted as ’n’ which will be multiplied by the dimensions of the initially studied resonator. This 
coefficient is integrated into the GWO program as an optimization variable. Fig. 7 illustrates how the resonance frequency varies with 
the scaling coefficient ’n’ ranging from 0.8 to 2.8. 

As observed in our study of the SRR, a parallel investigation was conducted for CSRR (Fig. 8), yielding remarkably similar out-
comes. Both structures exhibit metamaterial behavior and resonate at the same frequency [25]. The most notable distinction lies in the 
fact that the SRR functions as an artificial magnetic material, whereas the CSRR operates as an artificial electric material. 

4. Design of UWB antenna 

For the design of our antenna, we preferred to proceed step by step to simplify the synthesis and to ensure a good convergence to the 
optimal solution. In the first step, we design a UWB antenna operating at [3.1 GHz, 10.6 GHz] bandwidth, using a rectangular patch 
and a partial ground plane [26]. For this purpose, we introduced five variables into the optimization algorithm: the dimensions of the 
patch (Lp and Wp), those of the feed line (Lf and Wf), and finally, the length of the partial ground plane (Lg) (see Fig. 9). 

We chose FR-4 as a substrate for its cost-effectiveness and ease of use. The substrate has a dielectric constant of 4.4, a loss tangent of 
0.02, and a thickness of 1.6 mm. In the second step, we introduced CSRRs on both sides of the antenna, and this step is detailed in the 
following section. 

In the realm of optimization techniques, the evaluation function plays a crucial role as it distinguishes a good solution from a bad 
one. Our chosen evaluation approach is founded on two parameters: the reflection coefficient S11, and the antenna’s gain. This method 
imposes penalties on individuals who fail to meet the FCC standard criteria, which requires a reflection coefficient below − 10 dB 
within the 3.1–10.6 GHz bandwidth. The remaining individuals are then ranked based on their gain performance. Consequently, the 
optimal individual boasts both a good bandwidth and a heightened gain. After executing the program, we derived the dimensions as 
presented in Table 1. 

The obtained reflection coefficient S11 and the antenna gain are shown in Figs. 10 and 11. 
The obtained antenna reaches a maximum gain value of 6.5 dB and a radiation efficiency of 92%. 

Fig. 9. UWB antenna design, (a) front view (Left), (b) back view (Right).  

Table 1 
Parameters of conventional antenna.  

Patch Dimensions (mm) 

L 47 
W 35 
Lp 16 
Wp 15 
Lf 24 
Wf 3 
Lg 23  
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5. Topology of our UWB antenna 

The next stage is the design of the UWB patch antenna with the integration of CSRRs and using a similar numerical approach to the 
first (MATLAB, HFSS) API. We introduced six variables to the algorithm: the CSRRs position coordinates on both sides of the antenna 
(Xslot, Yslot, XDGS and YDGS) as shown on Fig. 12 and the CSRRs scaling coefficient n1 and n2. In our design, one resonator is added on the 
front face of the antenna (Patch face), and two resonators are placed symmetrically along the major median of the ground face. 

Fig. 10. Reflection coefficient of the initial UWB antenna.  

Fig. 11. UWB antenna gain.  
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Parameters such as population size and search space are among the factors that require tuning in the GWO algorithm to achieve 
optimal performance. Table 2 displays the algorithm’s parameters, while Fig. 13 demonstrates its convergence. We used the same 
evaluation technique based on reflection coefficient and gain, but this time with [2.4 GHz–22 GHz] bandwidth penalization criteria. 
Once the optimization procedure is complete, the final design of the UWB antenna with CSRRs must undergo validation in terms of 
operating bandwidth, gain, efficiency, and radiation pattern. 

6. Results and discussion 

The optimized antenna is built using the photolithography technique to validate the resulting structure. Fig. 14 presents the final 

Fig. 12. Geometry of the proposed antenna: (a) front view (Left), (b) back view (Right).  

Table 2 
Parameters setting for GWO.  

Parameters Value 

Search Agents 19 
Dimension 6 
Maximum iterations 200 
Stopping criteria 10 stale generations  

Fig. 13. Convergence curve of GWO algorithm.  
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design, and Table 3 provides the antenna’s optimized structural dimensions. 
The simulated reflection coefficient S11 of the proposed antenna demonstrates a remarkable bandwidth coverage of 19 GHz, 

ranging from 2.38 GHz to 22 GHz, with a minimum return loss of − 10 dB. Fig. 15 depicts the reflection coefficient before and after 
adding CSRRs. Whereas Fig. 16 shows a comparison of the simulated and measured reflection coefficient. 

We plotted the antenna gain over the frequency range of 1–22 GHz, as shown in Fig. 17. The antenna exhibits an average gain of 5 
dB, with a maximum value of 6.5 dB. Interestingly, this is nearly the same as the gain before introducing the CSRRs. However, a slight 

Fig. 14. Prototype of the proposed antenna: (a) front view (Left), (b) back view (Right).  

Table 3 
Optimized parameters of the antenna.  

Slot position 1 Cell 

Xslot 5.5 mm 
Yslot n1 20 mm 

2.2 
DGS position 2 Cells 
XDGS 10 mm 
YDGS n2 17.5 mm 

2.3  

Fig. 15. Reflection coefficient before and after adding CSRR.  
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drop in radiation efficiency from 92% to 88% in the final antenna is worth noting. 
Another crucial aspect in evaluating the effectiveness of a proposed antenna is the radiation pattern. Fig. 18(a–d) illustrates the 

simulated radiation pattern of the UWB antenna. The radiation pattern is observed in both the xz plane (E-plane) and the xy plane (H- 
plane) at resonant frequencies of 3, 6, 9 and 15 GHz. 

Table 4 compares our antenna and several recently developed and proposed split ring resonator-based metamaterial and slot 
antennas in terms of different parameters (frequency, return loss, gain, bandwidth and dimensions). Notably, the suggested UWB 
antenna outperforms conventional antennas in terms of bandwidth and gain. 

Fig. 16. Simulated and measured reflection coefficient of the proposed antenna.  

Fig. 17. CSSR antenna gain.  
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7. Conclusions 

In this study, we proposed and investigated the design of a compact UWB antenna (47 × 35 mm) operating within the [2.38–22.5 
GHz] bandwidth. This antenna is built upon the foundation of a conventional UWB antenna with a rectangular patch and partial 
ground plane, enhanced by incorporating CSRRs on both sides of the antenna, thus forming a DGS and slots on the patch. Introducing 
these resonators effectively doubled the antenna’s bandwidth while maintaining stable and maximum gain across the entire frequency 
spectrum, ensuring good radiation efficiency. These attributes make this antenna suitable not only for standard UWB applications like 
WIMAX, WLAN, and ISM, but also for short- and long-range millimeter-wave communications, including emerging 5 G technology. 

The effectiveness of the proposed design heavily depends on the chosen optimization algorithm, whereas the success of the 
optimization is contingent on algorithm parameters, convergence criteria, and initial parameters. The optimization process is based on 
a combined fitness function, primarily considering bandwidth and gain. While these factors are crucial, other considerations such as 
radiation pattern, antenna polarization, manufacturing feasibility and cost may not be explicitly addressed. 

Fig. 18. Radiation patterns of the antenna at (a) 3 GHz, (b) 6 GHz, (c) 9 GHz, and (d) 15 GHz.  
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