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I. INTRODUCTION 

With the increasing demand for new radio technologies, such as 

wireless power transfer, low-power wireless communications, and 

Internet-of-Things, new miniaturized electrically small antennas 

(ESAs) have been designed [1]. In such antennas, high directivity 

and efficiency are highly required. However, decreasing the an-

tenna’s size usually results in the deterioration of the antenna’s 

radiation properties, in addition to the reduction of the impedance 

bandwidth. To improve the directivity of a single radiating element, 

we can configure an array [2]. An antenna array is typically de-

signed to minimize mutual coupling by spacing the radiating 

elements at least one-half wavelength apart. However, this increases 

the overall size of the antenna. The phenomenon of superdirectivity 

can be achieved by closely spacing the antennas and creating strong 

mutual coupling, resulting in a noticeable increase in array di-

rectivity. One of the emerging techniques to satisfy these new 

requirements of wireless application is to integrate the ESAs in 
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Abstract 
 

This paper presents the development of a miniature antenna array in a small space in order to achieve superdirectivity for long-range 

communication. The proposed structures consist of a superdirective metamaterial-inspired array based on a capacitively loaded loop 

(CLL) driven by an electrically small monopole antenna. This elementary antenna is then used in two- and three-array configurations 

separated by a fixed interelement distance of 0.1λ to achieve a higher directivity and compact size (with λ the wavelength calculated at the 

operation frequency 1.850 GHz). The design of the elementary antenna, its simulated radiation performances, as well as those of the parasitic 

array are also reported. The results of the optimization of two- and three-antenna arrays are discussed. For this study, three corresponding 

prototypes were fabricated and tested. The measured impedance mismatch and radiation pattern results are presented and shown to be in 

good agreement with their simulated values. The maximum measured directivity is equal to 5.9 dBi and 4.75 dBi in the case of the two- and 

three- elements, respectively. The proposed antenna arrays can serve for the realization of point-to-point wireless links and can have a 

significant impact on compact and high-directive radiofrequency front-ends of a wireless system and for wireless power transfer applications. 
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array configurations to realize compact superdirective devices by 

keeping the coupling distance between two adjacent antennas 

less than a fraction of the wavelength [3]. Therefore, by decreasing 

the interelement distance to less than one-half wavelength to 

reduce the array size, we can increase the mutual coupling that 

results in the deterioration of the total array efficiency [2]. Recently, 

to minimize the mutual coupling between ESAs, a few techniques 

were developed comprising the array, such as the use of a special 

feeding network [3], decoupling circuits [4], parasitic loaded 

scatter [4], and short-printed monopoles [5], and parasitic radiating 

elements [6]. 

In particular, to increase the directivity, the use of parasitic radi-

ating elements in arrays has emerged as an interesting solution 

to overcome the challenges of integrating ESAs in compact 

arrays. First, in [6], the authors proved that for a two-element 

antenna array, exciting only one element while keeping the other 

short-circuited is similar in terms of directivity to the case where 

both elements are excited. The next step was to design several 

two-element superdirective arrays with different configurations 

according to the parasitic element state: short-circuited [7], 

matched [8], open-circuited [9], or loaded [10] with a capacitance. 

By using a synthesis procedure based on the array factor [11, 12], 

two compact end-fire linear arrays with three elements have 

been optimized in terms of directivity or gain.  

This paper investigates the design of two- and three-elements 

parasitic ESA arrays for directivity enhancement. The first part 

of the paper describes the design and simulated results of the 

elementary antennas [13, 14] as well as the two- and three-

element antenna arrays. Then, the paper presents the measured 

performances of their prototypes in terms of input impedance 

mismatch, gain, directivity, and radiation efficiency. 

II. DESIGN AND SIMULATION 

1. Arrays’ Design 

Arrays are designed using monopoles and CLLs printed on 

Rogers Duroid 5880 substrates with a thickness of 0.8 mm and 

relative permittivity εr of 2.2. The printed monopole and CLL 

element are placed perpendicular to a planar ground plane with 

surface area (100 mm × 100 mm) and thickness h of 2 mm, of 

where the monopole is excited, via a hole in the ground plane, with 

a feeding coaxial cable ended with a connector of impedance 50 Ω. 

The length of the printed monopole (l = 26.5 mm) is fixed to 

have a resonating frequency (Fr = 1.85 GHz) within the GSM 

1,800 band. Here, the CLL element is placed close to the monopole 

to act as a parasitic element to reduce the resonant frequency for 

compactness and improve the directivity. The parameters of the 

design are shown in Fig. 1. 

We have designed both two- and three-element arrays by repro-

ducing the unit cell along the x-direction as it is shown in Fig. 2(b). 

An element's spacing between adjacent elements is fixed as 1 

mm (λ/10). Only the elementary cell is excited through its 

monopole, whereas the other cells act as parasitic elements, and 

their monopoles are short-circuited with the ground plane. 
 

2. Simulated Results 

Simulations of the elementary structure as well as the two-

elements and three-elements arrays were performed by using the 

3D electromagnetic simulator ANSYS High-Frequency Structure 

Simulator (HFSS) v15 [15]. 
Fig. 3, presents the simulated impedance matching over the 

frequency band 1.7–2 GHz for the studied structures.  

As shown in Fig. 3, the resonating frequencies of the elementary, 

two-element, and three-element antenna arrays are 1.85 GHz, 

1.82 GHz, and 1.87 GHz, respectively, with good matching 

(|S11| < -20 dB). The frequency shift between resonant fre-

quencies may be attributed to the presence of parasitic elements 

close to the monopole area. 

(a) (b) 

(c) 

Fig. 1. Elementary antenna geometry (unit in mm): (a) one element, 

(b) two elements, and (c) three elements. 
 

 

Fig. 2. HFSS model for the two-element array. 

 
Fig. 3. Simulated input reflection coefficient magnitude |S11| (dB) 

of the three proposed antennas. 
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For the radiation properties, Fig. 4 gives the 3D directivity 

patterns of the three studied structures at their resonant frequencies. 

It can be noticed that the maximum values of the total directivity 

are 5.07 dB, 7.21 dB, and 4.28 dB for the elementary antenna, 

two-elements, and three-elements arrays, respectively. Thus, we can 

deduce that the addition of the first unit cell increases the total 

directivity by more than 2 dB. However, the addition of the second 

unit cell to obtain a three-element array decreases the total directivi-

ty to 4.28 dB, which is lower than that the elementary antenna. 

This phenomenon can be explained by the concept of simulated 

surface currents distribution, as presented and discussed in [16]. 

A 3D radiation pattern at the resonance frequency is shown 

in Fig. 4. 

III. EXPERIMENTAL RESULTS AND DISCUSSIONS 

To validate the simulation results, prototypes of elementary 

antennas and two- and three-element array configurations were 

manufactured and measured. All the proposed arrays were 

placed orthogonally on a copper ground plane. Fig. 5 shows 

photographs of the prototypes. 
To characterize these prototypes experimentally, their impedance 

mismatch at the frequencies between 1 and 3 GHz as well as 

their gain pattern at their resonant frequencies were measured. 

The network analyzer Agilent N5230A was used to measure 

the impedance mismatch, i.e., the |S11| values as a function of 

source frequency. The gain patterns were obtained in a "Satimo 

STARGATE 32" anechoic chamber. Figs. 6–9 illustrate the 

performance characteristics of three proposed antennas. 

 
(a) 

 
(b) 

 
(c) 

Fig. 4. A 3D simulated total directivity radiation pattern corresponding 

to (a) one element, (b) two elements, and (c) three elements.

 
Fig. 6. Input reflection coefficient magnitude measured and simulated 

for the studied antennas: (a) one element (b) two elements, and 

(c) three elements. 

 

 
(a) (b) 

(c) 

Fig. 7. Measured results of the 3D directivity radiation pattern (unit in 

dBi): (a) one element, (b) two elements, and (c) three elements.

(a) (b) 

(c) 

Fig. 5. Photos of the realized prototypes: (a) one element (b) two 

elements, and (c) three elements. 
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1. Impedance Mismatch 

Fig. 6 shows the measured and simulated input impedance 

mismatch values for the three proposed antennas as a function 

of the excitation frequency. According to Fig. 6, the elementary 

antenna's resonant frequency was 1.84 GHz with a matched 

bandwidth of 30 MHz between 1.815 GHz and 1.845 GHz. A 

very good agreement was found between the resonance frequency 

and its relevant simulation. In the case of the two-element array, 

the measured antenna resonance frequency was noted to be 1.83 

GHz, which also agreed with that of the simulation. However, 

the measured resonance bandwidth was slightly larger due to 

the finite size of the ground plane. Finally, in the case of the 

three-element array, there is a marked discrepancy was noted 

between the measured resonance frequency (1.77 GHz) and the 

simulated one (1.79 GHz). This could be because the ground 

plane edge was very close to the second parasitic element. Perhaps, 

if the ground plane size had increased further, a closer agreement 

could have been obtained. 
 

2. 3D Directivity 

The measured 3D directivity for the three antennas is given 

in Fig. 7, in which Fig. 7(a) shows the 3D measured directivity 

of the elementary antenna prototype at 1.83 GHz. As predicted 

by simulation, the pattern is more directive along the negative 

x-axis at this frequency, with a maximum directivity of 4.7dB. 

Fig. 7(b) shows that the two-element array has a maximum 

directivity of 6.5 dB at the resonance frequency. Finally, Fig. 7(c) 

shows that the three-element array has a maximum directivity 

of 4.78 dB at resonance. 

 

3. Directivity and Efficiency 

The measured performance characteristics of the three proposed 

antennas in terms of directivity and radiation efficiency are illus-

trated in Figs. 8 and 9. Table 1 summarizes the results of the 

three proposed models related to Figs. 8 and 9. 

Table 2 presents the proposed antenna compared to the pre-

viously published work [17–20]. 

 
Fig. 8. Measured directivity of the three proposed antennas. 

 

 
Fig. 9. Measured radiation efficiency of the three proposed antennas.

Table 1. Performance characteristics of the three proposed models

 
One element Two elements Three elements

Simulation Measurement Simulation Measurement Simulation Measurement

Resonance 

  frequency (GHz) 

1.84 1.84 1.83 1.83 1.86 1.77 

Directivity (dBi) 5.08 4.5 7.2 6.4 4.28 5.55

Peak gain (dB) 4.1 3.5 5.9 5.2 4.03 4.75

Efficiency (%) 83 78 88 85 89 85
 

Table 2. Antenna performance with respect to the published results 

Study Antenna array size Frequency bandwidth (GHz) Maximum directivity (dBi) Technique

Haleem and Elwi [17] 0.25λ × 0.33λ 2.7–3.7, 5.4–5.6 2.8 MTM

Al-Khaylani et al. [18] 0.744λ × 0.48λ 3.6, 3.9, 4.9 5 LDRs

Jaglan et al. [19] 1.65λ × 0.88λ 3.3–3.8 5.3 Open-ended slots

Bashar et al. [20] 0.967λ × 0.967λ 5.8 5.8 MTM superstrates

This work 0.16λ × 0.41λ 1.85, 1.82, 1.87 7.20 MTM CLL

MTM = metamaterial, LDR = light dependent resistor. 
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IV. CONCLUSION 

This article describes the design of compact and superdirective 

metamaterial-inspired two- and three-element antenna arrays. 

The basic structure consists of a monopole associated with a 

CLL element. At the resonance frequency, it has a directivity of 

5.06 dBi. Then, to achieve a higher directivity, a two-element 

compact parasitic array is configured and optimized using the 

elementary antenna. This array has a simulated directivity of 

7.20 dBi. The prototype is fabricated to validate the simulation 

results, and good agreement has been observed between simulation 

and measurements in terms of impedance matching, directivity, 

and radiation patterns. Hence, the proposed antenna can be a 

promising candidate for wireless power transfer applications. 

Future work will explore the possibility of improving antenna 

efficiency and making these structures reconfigurable to control 

the direction of the radiation pattern. 
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