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Abstract—With the development of communication systems and 

antennas, various challenges arise that require antennas of small 

size with enhanced performance. Metamaterials (MTM) defects 

introduced a considerable solution to such a challenge. Therefore, 

in this paper, a lightweight with low profile antenna is designed 

based on a novel design of a Composite Right/Left-Handed 

CRLH-MTM Hilbert array. The proposed CRLH-MTM unit cell 

consists of a T-symmetric CRLH unit cell conjugated to the 3rd-

order Hilbert on the ground plane through a T-stub structure to 

enhance the gain-bandwidth product. CST-MWS is used to 

stimulate and design the proposed antenna structure. The antenna 

parameters are optimized to evaluate the antenna performance in 

gain and S11. As a result, the antenna can operate forward and 

backwards with a large scanning angle ranging from +34o to -

134o with changing frequency, and dual-band extended from 

3.3GHz to 4.2GHz 4.86GHz 5.98GHz with a maximum gain of 

7.24dBi and 3.74dBi, respectively. The beam steering is achieved 

by trough controlling the switching operation of PIN diodes. As a 

result, the antenna can scan up to 8° from 34° to 42° at 3.5GHz 

with constant gain along with the operating range.  

  Index terms—CRLH, Hilbert curve, Metamaterial, 

Reconfigurable antenna, Miniaturized Printed Circuit. 

I. INTRODUCTION 

Communication systems were developed rapidly [1]. To 

keep up with this development, it has become necessary to 

manufacture antennas characterized by their small size, high 

efficiency and scan-ability [2]. Various techniques have been 

used to achieve these requirements. Meta-materials (MTM) are 

the most important technologies used in this field [3-5]. MTMs 

are scientifically defined as materials that meet the 

requirements of effective homogeneity and possess unique 

properties not found in nature [6]. Such technology started in 

1967. when Victor Veselago predicted the existence of 

materials with negative permeability and permittivity. 

Veselago called it LH-MTM because it generates a left-handed 

propagation, different from available materials that create a 

right-handed triad [7, 8]. However, these materials were 

considered theoretical and could not be constructed due 
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to the natural effects generated when current passes through 

the medium structure [9]. 

Consequently, there is no truly left-handed structure in 

nature [10]. Instead, the natural physical interactions passing 

through the material combine the characteristics of the right-

handed and left-handed MTMs to produce a new type of MTM 

called CRLH-MTM. Caloz and Itoh introduced this type, 

which considered the general and most comprehensive form of 

LH-MTMs [11, 12]. The CRLH consist of series capacitance 

and shunt inductance, as shown in Fig. 1, and can be 

constructed using Surface-Mount Technology (SMT) or 

distributed components. 

Fig. 1. CRLH- MTMs. (a) asymmetric CRLH unit cell (b) T-symmetric 

CRLH unit cell 

CRLH is widely used in many applications to improve gain, 

increase bandwidth, and manufacture low-complexity systems 

[13, 14]. In [15], a printed array was constructed based on 

substrate-integrated waveguide SIW technology combined 

with slots and via techniques of high millimetre-wave bands 

with ±30° scanning angle with a gain of 8.5 dBi. Synthetic 

material was designed to achieve negative electromagnetic 

characteristics over a wide range of frequencies. In [16], an 

artificial material has been designed and tested to detect gap-

free and gap transitions. The manufactured material provides 
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double negative parameters at low frequencies and double-

positive parameters at high frequencies. The transition from 

negative to positive occurs at the same resonant frequency, 

thus providing a balanced CRLH. In [17], a new half-width 

LWA was presented in this work; it had the ability to continue 

directing the main lobe with a swap frequency; through the 

introduction of vertical and horizontal slots within the 

radiation element, the operating frequency was swept between 

4 to 6 GHz with a maximum gain of 10 dBi at 4.3 GHz. In 

[18], an antenna was manufactured using CRLH MTM 

technology to increase the impedance bandwidth without 

affecting the antenna size, with frequencies ranging from 850 

MHz to 7.90 GHz. A CRLH antenna with broadband scanning 

capability was proposed in [19] using identical transmission 

line sections inserted into the cell with limited bandwidth.  

 

Fig. 2. Unit cell design (a) CRLH- MTM geometrical details (b) current 

density. 

 

A frequency scanning antenna array is designed in [20]; the 

CRLH unit cell is used as the basis for the large-scan-feed 

network. The proposed structure offers scanning from -47 to 

46 as the frequency changes from 3 GHz to 9 GHz. In [21], 

using active element loading, the antenna array scans from -9° 

to -30° with a gain equivalent to 8.3 dB to 9.7 dB over the 

operating range. In [22], a quad-band antenna is designed from 

an asymmetric E-CRLH TL and 50 Ω CPW feeding structure; 

the antenna achieved a maximum gain of 3.66 dBi. Four 

CRLH unit cells with a Butler matrix feeding network are 

designed in [23]. The radiation beam scan from -60° to 66° by 

changing the frequency from 3.7 GHz to 4.7 GHz. 20  

microstrip MTM unit cells are designed in [24], and a 

continuous scan angle of 140° over the 3.80–5.25 GHz band 

with a maximum gain of 11.7 dB is achieved. In [25], a pattern 

diversity antenna is proposed. By controlling the CRLH -

dispersion curve, the antenna realizes a broadside pattern and 

an omnidirectional pattern in the operated band. 

This research introduces a novel MTM antenna array, 

providing high gain and bandwidth across the operating 

spectrum. The proposed array consists of an asymmetric 

CRLH unit cell combined with a third-order Hilbert curve 

structure. The dual-band antenna array operates from (3.3 to 

4.2) GHz in the forward direction with a maximum gain of 

7.24 dBi and (4.8 to 5.9) GHz in the backward direction with a 

maximum gain of 3.69 dBi, with S11 <= -15 dB along with the 

operating bands.  

First, antenna geometrical details are discussed in section II. 

Then, simulation and parametric study are given in section III, 

where the methodology and procedure steps are explained. 

Next, comparing with the other research is discussed in section 

IV, where the study's significance and novelty are explained; at 

last, the conclusion is discussed in section V. 

 

II. ANTENNA GEOMETRICAL DETAILS  
 

A. CRLH-MTM Design  
 

Fig. 2 shows a T-symmetric CRLH-MTM represented 

interdigital capacitors (IDC) and stub inductors printed on an 

FR-4 substrate with a relative dielectric constant εr=4.3 and a 

thickness subh=1.57 mm. The interdigital capacitor consists of 

10 fingers with 10 mm length and 0.15 mm width, spaced by 

0.1mm. The stub structure is structured as an inverted cross to 

avoid via use. Thus, the effects of high losses due to via 

introduction would be eliminated significantly [26] without 

increasing antenna design size or complexity. In addition, as 

seen in Fig. 2, a gap is introduced to the CRLH structure to 

create a capacitive filter effect to enhance the antenna 

bandwidth-gain product by suppressing the surface wave on 

the patch edges [27]. 

The unit cell is centred in the plane defined by the stub axis, 

representing a T-network consisting of two impedance 

branches with 2CL and LR/2 values and the admittance branch 

with LL. and CR values, see Fig. 1(b). The left-handed 

parameters are represented by IDC and stub inductors. In 

contrast, the right-handed parameters are formed due to the 

circuit's parasitic interactions that increase with increasing 

frequency [28]. The magnetic field causes the parasitic 

inductance due to the surface current motion on the capacitor 

digits. At the same time, the parasitic capacitance is caused by 

the electric field gradients between the ground and the traces 

[29], see Fig. 2(b). 

 

B. MTM Defects  
 

The proposed MTM defects are etched from the antenna 

ground plane to eliminate the surface wave diffraction from the 

patch edges on the substrate. Nevertheless, reducing 

interference from the surface current at the ground plane [30]. 

The proposed MTM defects are structured from two 
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consequent 1D arrays, as seen in Fig. 3. The first array is 

consistent with 9-unit cells of the Hilbert curve etched from 14 

mm2 area from the ground plane, as seen in Fig. 3(a). The other 

array is introduced to fill the space between the first array unit 

cells with the number of elements of 8-unit cells. Each unit cell 

of the second array fills an area of 7 mm2. Such a combination 

produces two stopbands, as seen in Fig. 3. 

 
 

Fig. 3. The proposed MTM defect arrays. 

 

A capacitive gap is formed between neighbouring cells in 

this array type, given by the following relationship [31] 

 

                                           (1)  

 

The MTM defect shows capacitive behaviour, so it acts as a 

high-pass filter that allows high frequencies to pass through 

and prevents low frequencies [32, 33]. In addition, each cell is 

considered balanced with respect to the stub length, in which 

the capacitive effect is equal on both sides. The Hilbert cell 

represents the etched layer from the ground plane for this 

design. It is worth mentioning that the size and number of the 

Hilbert curve are chosen according to the size of the assumed 

MTM structure and the maximum size of the antenna. Thus, 

the capacitive reactance among the adjacent cells has similar 

effects on the suppression of surface currents, and hence the 

reactance can be expressed by the following relationship: 

 

                                                           (2) 

         
 

III. SIMULATION AND DISCUSSION 
 

This section used the CST software tool to analyze and 

simulate the antenna design parameters based on the finite 

integral technique [34]. The analysis and simulation are 

divided into the following parts:  

A. CRLH-Unit Cell Performance 
 

A detailed study is conducted on the CRLH to realize the 

effects of the antenna geometrical details on the equivalent 

circuit. As seen in Fig. 4, the CRLH was created using four 

parts: A transmission line, an inter-digital capacitor with ten 

fingers each, a T-stub inductor as a capacitive tuner, and the 

3rd-order Hilbert curve. S-parameters are calculated separately 

for each case, as shown in Fig. 5. Finally, the CRLH structure 

is attached to a one-port transmission line with four models: 

model#1, model#2, model#3, and model#4. 

 

 
 

Fig. 4. Design models; (a) model 1 (b) model 2 (c) model 3 (d) model 4. 

 

 
 

 
 

Fig. 5. CRLH-models Performance (a) S11 parameters and (b) realized gain. 
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The results show the influence of the unit cell components 

on the gain and frequency bands. The interdigital capacitor 

introduction creates a resonant frequency at 5 GHz. In 

addition, the T-stub inductor creates a double resonant 

frequency at 3.5 GHz and 5.5 GHz. At the same time, the 

Hilbert curve structure considerably increases the matching as 

it compensates for the via of the original design to allow 

current flow between the proposed CRLH and the ground 

plane. In addition, it cooperates with the substrate that 

generates losses, representing a feature that allows electric 

current to pass through and move between the radiator and the 

ground plane, enhancing the impedance bandwidth and gain, 

as illustrated in Fig. 5. The gain reached 0.7 dBi in the 

backward direction at 5.5 GHz. 
 

B. CRLH-MTM Array Performance 
 

Fig. 6(a) shows the final antenna design structure after 

reaching the optimum dimensions. Then, in Fig. (6b-6c), S11 

parameters and the proposed antenna gain spectra are 

presented. It is found that the proposed antenna provides 

S11<=-15 dB with a maximum gain of 7.24 dBi and 3.74 dBi in 

the forward-backwards directions, respectively. In addition, it 

is good to mention that the proposed antenna shows two main 

lobs at the frequencies of 5.6 GHz and 5.9 GHz by splitting the 

main lobs into two beams. Such a feature is desirable in many 

applications in the 5G systems of tracking more than one 

object simultaneously in the OFDM algorithms [35]. 

The design methodology flowchart of the proposed antenna 

that is considered for this work is shown in Fig. 7. This flow 

chart shows the considered antenna dimension that 

significantly influences the proposed antenna performance. 

 
 

 
 

 

 
 

 

 
 

 
 

Fig. 6. Antenna performance: (a) antenna structure (b) S11 parameters (c) 

radiation patterns. 

 

C. IDC Parametric Influence 
 

The authors conducted a parametric study to realize the 

effects of the proposed IDC fingers on the antenna performance. 

The considered fingers are changed and varied from 1 to 5. S11 

and gain spectra are calculated and presented in Fig. 8(a, b). 

The antenna performance changed. As the fingers increase, the 

losses decrease rapidly, which results in current distribution 

enhancements that improve the antenna gain-bandwidth 

product, as illustrated in Fig. 8. At 5.5 GHz the gain reached 

its maximum value for the backward direction. 
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Fig. 7. Design methodology flowchart 

 

 

 
Fig. 8. IDC parametric study: (a) S11 parameters and (b) realized gain. 

 

D.   Slots Parametric Study 

A parametric study is conducted to clarify the impact of 

introducing antenna slots on the design and their importance in 

giving the desired results. The parametric study is conducted 

regarding the array's performance with and without slots. A 

comparison study in gain and S11 is made. It is found that the 

slots have an essential role in forming a wide bandwidth 

extending from 3.3 GHz to 4.24 GHz and 4.86 GHz to 5.98 

GHz. In addition, a gain enhancement is achieved, especially 

in the forward direction of the radiation, as seen in Fig. 9. 

 

 

 
 

Fig. 9. Slots effects: (a) S11 parameters and (b) Gain. 

 

E.  T-Stub Parametric Study 

In this part, the effects of the T-stub inductor were studied. 

First, the dimensions of the inductance are changed from 12 

mm to 18 mm, as seen in Fig. 10. An improvement in the gain 

for the forward and backward directions is observed when the 

T-stub dimensions increase. Maximum gain is observed at 5.5 

GHz. The T- shape at the end of the inductor significantly 

creates a frequency resonance at 3.5 GHz with S11 less than -

35 dB. As the proposed T-Stub worked as a small size radiator 

provides a spreading in the electric current with a high-power 

distribution, which ensures the generation of a frequency band 

at 3.5 GHz. 

 

F. Effects of MTM Defects 

This section fully studies the effects of MTM defects on 

antenna performance. Two cases are considered: The first is 

the design with MTM defects and the second without MTM 

defects. The gain and bandwidth variations are evaluated for 

each case. As depicted in Fig. 11, the proposed MTM effects 

on the antenna bandwidth are found to be enhanced in the 

forward direction (3.3 GHz - 4.2 GHz and 4.3 GHz - 4.4 GHz) 
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to the backward direction (4.8 GHz - 5.9 GHz) with a 

maximum gain equal to (7.24 dBi, 3.74 dBi), respectively. 

 

 

 
Fig. 10. T-Stub effects: (a) S11 parameters (b) realized gain. 

 

 

 
 

Fig. 11. EBG defects: (a) S11 parameters and (b) gain spectra. 

 

IV. RECONFIGURABLE ANTENNA SIMULATION STUDY 
 

MTMs are resonant structures with unusual constitutive 

parameters depending on the resonance frequency. The 

material has positive constitutive properties at frequencies 

lower than the resonant frequency. In contrast, at frequencies 

higher than the resonant frequency, the material has negative 

constitutive parameters, and thus the material shows different 

behaviours depending on the operating frequency range [36, 

37]. However, operating frequencies must be fixed and 

unchanged for most practical wireless applications. As a result, 

the metasurface must be reconfigurable to achieve multi-

function properties. The frequency of interest can be changed 

by changing the bias voltage; thus, different MTM properties 

can be obtained at a fixed frequency [38]. 

This research proposes an MTS created through arranged 

periodic CRLH MTM cells separated by periodic slots with a 

gap in each inductor. To realize a reconfigurable metasurface, 

one PIN diode is inserted into the gap of each unit cell, as 

shown in Fig. 12(a). The equivalent circuit model in the 

forward and reverse biased state for the PIN diode are shown 

in Fig. 12(b) and (c) [39]. 

 

 
Fig. 12. Antenna structure: (a) 3D antenna structure, (b) PIN diode equivalent 

circuit OFF-state, and (c) ON-state. 

 

By changing the state of the PIN diodes, the antenna beam 

direction varies from 34o to 42o at 3.5 GHz. Table I considers 

an input sequence to the PIN diodes; the antenna gain and 

beam direction variation are listed. In Fig. 13, S11 spectra and 

the radiation patterns at 3.5 GHz are calculated at different 

switching scenarios.  
TABLE I 

 PIN INPUT SEQUENCE  
 

Input sequence gain 
Main lobe 

direction 

00000000000000000 7.25 34 

11111111100000000 6.78 40 

00000000111111111 6.64 38 

11000000000000000 7.23 35 

 11110000000000000 7.19 36 

11111100000000000 7.13 37 

11111111000000000 6.88 39 

11111111111100000 6.72 41 

11111111111111000 6.49 42 

 

V. COMPARISON WITH THE LATEST RESEARCH   
 

The following table summarises the most recent research in 

an area of interest and compares it to the proposed work.  

Finally, the proposed design's novelty lies in a nine-cell 

antenna design that achieves a gain equivalent to 29 cells of 

the original design [40]. VIA was used in the original design to 

achieve losses in the original substrate, Roger, thus allowing 

surface current to pass between ground level and the radiator 

to create the parasitic effects needed to generate a CRLH unit 

cell. Here, VIA is replaced by a fractal technology that 

contributes with a low-cost, high-loss substrate, FR-4, to 
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achieve this interaction. Furthermore, this lossy substrate 

contributed with the fractal technology to generate a 

permeability that allows electric current to pass between the 

ground plane and the radiator. In other words, the VIA used 

with a high-cost substrate, Roger, was replaced by fractal 

technology with a low-cost substrate [FR-4] to achieve better 

performance with higher gain and higher bandwidth. The 

importance of the design lies in configuring an antenna of 

small size, low- cost and low- complexity to achieve 

requirements such as high bandwidth, good gain, and scanning 

capability that extends from the forward to the backward 

direction with a scanning capability of 8o at a fixed frequency. 

Therefore, this design is found to be suitable for 5G 

applications. Furthermore, the design can be extended and 

improved to create an array suitable for MIMO applications. 
 

 

 
Fig. 13.  Reconfigurable parametric study at 3.5 GHz (a) s11 parameter (b) 

radiation pattern. 

 

TABLE II 

COMPARISON WITH THE LATEST RESEARCH 
 

Ref Antenna-size 

(mm2) 

Frequency 

range 

(GHz) 

Peak gain 

(dBi) 

Bands Scanning 

range(deg.) 

[16] 250×100 4-6 10 Wideband 15 and 55 

[20] ---------------- 3-9 5 Wideband -47 to 46 

[21] 15×440 3.4-3.7 8.3 single 

band 

-9° to -30° 

[22] 57.2×31.2×1.6 2.45-5.5 -8.12, -

1.31,1.46, 

3.66 

Four-

bands 

------------- 

[23] 137×101 3.7-4.7 11.8 ------------ -60° to 66° 

[24] 24×6 3.80-5.25 11.7 ---------- 140° 

[25] 80×80 2.49/3.45 4, 6 Dual 

band 

-------------- 

[40] 170.8*40 3.9 8 --------- 75o-122o 

This 

work 

40×204 3.3-

4.2/4.8-

5.9 

7.24, 3.74 Dual-

band 

34° to 42° 

 

VI. CONCLUSION 
 

In this paper, an antenna was designed with new technology. 

At first, a regular microstrip line was created. Next, a series 

IDC and an SI were added to form a CRLH-MTM. Finally, a 

Hilbert curve structure was added to compensate for the VIA. 

As a result, the antenna works with a dual bandwidth extending 

from (3.3 to 4.2) (4.86 to 5.98) GHz with good gain along the 

operated bands. Furthermore, the antenna doesn’t require a 

specialized feeding structure or a phase shifter, which reduces 

its size and complexity; therefore, the design is characterized 

by its simplicity and high performance and the possibility of 

scanning capability, making it suitable for 5G applications. 
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