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This article presents the design and analysis of the reconfigurable reflectarray structure based on 

metamaterials for Sub-6 GHz 5G applications. The proposed reflectarray structure is printed on a 

1 mm-thick FR4 dielectric substrate with a total size of 180 × 180 mm2. The reflectarray consists 

of 144 unit cells, each with dimensions of 15 × 15 × 1 mm3. The unit cell design is a single layer 

based on multi-concentric square rings. A single layer is used to achieve a negative constitutive 

parameter (-εr or -μr); multiple rings of different sizes provide a wide reflection bandwidth to 

improve the performance of the reflective surface. Dual bands of reflection were observed. The 

first band of reflection is 2.6 GHz, 1.98-4.6 GHz, and the second band is 1.71 GHz, 7.41-9.1 GHz. 

Two PIN diodes are used in each unit cell of the reflectarray structure for reconfigurable behavior 

achievement. Depending on the diode states, the phase distribution across the proposed 

reflectarray structure changes, and the incident waves are reflected at different angles. This work 

conducted a comprehensive analysis of S-parameters, constitutive parameters, and refractive 

index, based on full-wave analysis. The CST Microwave Studio software package was used to 

design and analyze the proposed design structures. A good agreement was observed between the 

measurement results and those from the simulation. 
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1. Introduction 

Metamaterials (MTM) are defined as materials with unique properties not found in nature [1-3]. Such 

properties are achieved by structuring and engineering structures in certain sets. The constitutive parameters, 

μr and/or εr, of the MTM structures are dependent on the unit cell shape, arrangement, orientation, and size 

that must be in the range of fraction wavelengths [4]. In 1967, Victor Veselago introduced a material that 

gives negative constitutive parameters (−𝜀𝑟 and − 𝜇𝑟) called left-handed materials. Veselago proved that 

the phase velocity of such materials can be anti-parallel to the direction of the Poynting vector and opposed 

to the propagation of waves in natural materials [5]. Later, John Pendry proposed a material that provides 

a –εr by arranging an array of wires along the propagation of the wave, which is not governed by the classical 

right-hand rules [6]. In 1999, Pendry succeeded in providing a -µr by introducing a split ring resonator 
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(SRR) structure mounted in parallel with the propagation of waves [2, 3, 7-9]. Smith et al. achieved –εr and 

–µr by combining the previous structures (wire arrays and the SRR) into one structure [2, 3, 8, 9]. 

Nowadays, the reflectarray structure receives great interest due to its capabilities in 5G wireless 

systems. Compared to traditional reflectors, the reflectarray  has numerous advantages, including its light 

weight, low profile,  flat surface, small volume, and low fabrication costs [10, 11]. Due to such features, the 

reflectarray structure is preferred in satellite, radar, and long-distance wireless communication  applications 

[12]. 

The reconfigurable reflectarray structure is preferred and suitable for 5G network applications due to 

its ability to dynamically control phase distribution and beam direction, thus overcoming signal blockages 

and path loss issues. A reconfigurable reflectarray offers a low-profile, cost-effective solution to changing 

the channel state and user location. 

Recent studies have shown that reflectarray structures are developed with unit cells of new 

geometrical shapes to overcome the disadvantage of restricted phase variation. A reflectarray structure 

based on unit cell elements can be employed for various purposes [13]. In [14], a reflectarray structure with 

nine elements of different sizes of frequency selective surfaces (FSS) is introduced to reduce radar cross 

section (RCS) levels. A reflectarray structure based on a stepped impedance resonator backed by an FSS is 

proposed for RCS level reduction [15]. Double-cut ring unit cells based on compact reflectarray structure 

are suggested for performance enhancement, where the required phase delay is compensated by the use of 

variably sized unit cell elements [16]. Such elements are employed to reflect or scatter the waves incident 

within a phase delay to observe a desired beam shape [17-21]. 

This article presents a reconfigurable reflectarray structure based on single-negative metamaterials 

for 5G applications. The single-negative metamaterial is proposed to observe -εr or -μr for reflecting 

purposes. The PIN diodes are integrated into each unit cell for reconfigurable behavior. The commercial 

software package CST MWS is used to design and analyze the proposed structures [22]. Section II provides 

the design and analysis of the proposed reconfigurable reflectarray structure based on metamaterials. 

Section III introduces the fabricated prototype structures and measurement setup. Section IV concludes the 

paper. 

2. Geometrical Design and Analysis 

2.1. Unit Cell Array Configuration 

Figure 1 presents the design procedure of the reflected unit cell and introduces four design models. 

The proposed unit cell design is a single layer, to observe one of the constitutive parameters (µr or εr) with 

a negative value for reflecting purposes. Multi-square rings of different sizes are used and combined to 

achieve different resonances and a wideband of reflection. The total dimensions of the unit cells are 15 × 
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15 mm2 printed on 1 mm-thick FR-4 dielectric material with εr and tanδ of 4.3 and 0.02, respectively. Table 

1 shows other relevant geometric details. 

 
Model 1 Model 2 Model 3 Model 4 

Figure 1. Design procedure of the proposed reflected unit cell 

A full-wave analysis technique is applied to test and analyze the unit cell models. The properties in 

terms of S-parameters, constitutive parameters, and refraction index are presented. The unit cell structure 

is inserted in the center of the fictitious waveguide, as seen in Figure 2. Two ports are applied with the 

setting boundary conditions: perfect electrical conductors and perfect magnetic conductors. Figure 3 

introduces the S-parameters in a set of magnitudes and phases. For the first model structure, the unit cell 

shows the lowest reflection coefficient value in the entire band. The structure does not reflect the incident 

electromagnetic wave. The second and third model unit cells show an increase in the reflection coefficient 

values, meaning they reflect more of the incident electromagnetic wave. Finally, the proposed unit cell 

structure achieves the highest reflection coefficient values compared with previous models, where the 

incident wave is almost totally reflected, especially in the 5G band. 

 

 

Figure 2. Port excitation with boundary condition setup 

Port-1 

Port-2 
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Figure 3. S-parameter (Sii, Sij) results of the unit cell models in magnitude (dB) and phase (degrees) 

From the evaluated scattering parameters, the constitutive parameters presented by µr and εr are 

obtained and are introduced in Figure 4. For the first model, the unit cell exhibits a negative value of εr, -

1.4 ≤ εr < 0, from 4.73 GHz to 5.21 GHz, while a negative μr, -1.53≤ μr < 0, is exhibited from 9.52 GHz to 

10 GHz. For the second model, the unit cell shows a negative value of εr, -5.6 ≤ εr < 0, from 3.97 GHz to 5 

GHz. Then, a negative μr, -13.25≤ μr < 0, is observed from 7.28 GHz to 8.71 GHz. The third model has a 

negative value of εr, -5.16 ≤ εr < 0, from 4.02 GHz to 5.06 GHz, while a negative μr, -5.85≤ μr < 0, is 

observed from 8 GHz to 10 GHz. Finally, the last unit cell model proposed structure has a negative value 

of εr, -28.52 ≤ εr < 0, from 2.51 GHz to 4.56 GHz, while a negative μr, -6.61≤ μr < 0, is observed from 7.9 

GHz to 10 GHz. 
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From the results presented, the proposed unit cell Model 4 exhibits the highest negative values of 

both µr and εr, with a wider frequency band compared to other models. This wide band of negative µr and 

εr is achieved through the use and combination of rings with different shapes and sizes. 

The refractive index (n) of all models is obtained by employing Equation (1) [19]. Figure 5 introduces 

the simulated results. An imaginary (n) component is observed in the bands of negative μr/εr. The imaginary 

(n) component determines that no wave will be passed through the unit cell at these bands. 

𝑛 = √𝜀𝑟𝜇𝑟 …        (1) 

The results obtained show that the first model has the lowest band of reflection, which equals 0.765 

GHz, starting from 4.34 GHz to 5.1 GHz. Then, the second and third models have double bands of reflection. 

The second model shows that the first band of reflection equals 1 GHz, 3.57-4.59 GHz, while the second 

band is 2.29 GHz, 6.58-8.88 GHz. For the third model, the first band of reflection equals 1.5 GHz, 3.15-

4.65 GHz, while the second band is 2.53 GHz, 6.75-9.28 GHz. 

Finally, the proposed unit cell design is characterized by dual wide bands of reflection and higher 

imaginary (n) component values compared with other designs. The first band of reflection equals 2.6 GHz, 

1.98-4.6 GHz, while the second band is 1.71 GHz, 7.41-9.1 GHz. 

 

(a) 

 
(b) 

Figure 4. Constitutive parameters of unit cell models; (a) real εr, and (b) real μr 
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Figure 5. Refraction index (n) of the unit cell models 

Figure 6 proposes and presents an array of reflectarray structures based on unit cells. The reflectarray 

structure has a total of 144 unit cells (12 × 12), with a size of 180 × 180 mm2 printed on 1 mm-thick FR-4 

dielectric material with εr and tanδ of 4.3 and 0.02, respectively. Figure 6 introduces a concentric square 

rings unit cell with the derived equivalent circuit. 

The reflectarray structure is placed in the direction of the electromagnetic wave propagation to 

achieve a resonance state. This prevents the propagation of electromagnetic waves through the proposed 

reflectarray structure, leading to the largest radiation power reflected. Moreover, two PIN diodes are 

inserted into each unit cell for reconfigurable behavior. The stripline is used as a PIN diode with ON and 

OFF states. Figure 7 introduces the S-parameters in a set of magnitudes and phases of the proposed unit 

cell. 

 

 

 
 

Figure 6. Reconfigurable unit cell metamaterial-based reflectarray structure with the equivalent circuit 
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Table 1. Proposed structure geometrical details in mm. 

Parameter Value (mm) Parameter Value (mm) 

L 15 L3 4.8 

W 15 ST 1.19 

L1 13.2 SL 0.9 

L2 13.2 CL 0.636 

h 1 t 0.035 

 

 

Figure 7. S-parameter results of the proposed unit cell MTM; (a) magnitude in dB, and (b) phase in degrees 

Figure 8 introduces the µr and εr properties of the proposed unit cell. The proposed unit cell is 

characterized by a wide band of negative µr and εr at different frequencies. A negative permittivity (-εr) is 

observed in the frequency band 2.51-4.56 GHz, with a maximum value of -28.52 at 2.73 GHz; a negative 

permeability (-μr) is observed in the frequency band 7.91-10 GHz, with a maximum value of -6.56 at 8.25 

GHz. 

Figure 9 presents the refractive index (n) component of the proposed unit cell for real and imaginary 

parts. Dual bands of reflection are observed because of the high imaginary (n) part that appears in the bands 

of negative μr/εr. A high imaginary of the (n) component determines that no wave will be passed through 

the unit cell at these bands. The first band of reflection is 2.6 GHz, from 1.98 to 4.6 GHz, while the second 

band is 1.71 GHz, from 7.41 GHz to 9.1 GHz. 
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Figure 8. Constitutive parameters (εr and μr); (a) real part and (b) imaginary part 

 

Figure 9. Refraction index (n) of the proposed unit cells, real and imaginary 

2.2. Reconfigurable Reflectarray Structure-Based Antenna 

In Figure 10, a modified Vivaldi antenna (MVA) is proposed to generate the incident of 

electromagnetic waves on the reflectarray structure. The MVA dimensions are 45 × 35 mm2 with a thickness 

of 1 mm. Slitlines are etched out from the antenna’s outer radiator edges to reduce the surface current in 

these edges. These slitlines can provide better impedance matching for wider bandwidth achievement, 

higher gain and a more directive beam due to side lobe reduction and surface current distribution change, 

enhancing antenna performance. Table 2 provides more details about the optimized MVA geometry. 

The modified and conventional antennas are simulated, where their performances are presented. The 

modified antenna is simulated, where the test results show that it can cover a range of frequencies beginning 

at 3 GHz and can exceed 12 GHz with S11< -10 dB for 5G applications, while the conventional antenna 

(a) 

 

(b) 

 

-εr -μr 

Passing 
Reflecting 

Reflecting 

Passing 
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covers a range of frequencies from 4.27 GHz to 12 GHz, as seen in Figure 11 (a). A wider bandwidth is 

achieved by using slitlines, which enhance the impedance matching. 

  

 

Figure 10. MVA structure geometry 

Table 2. Optimized antenna parameters in mm 

Parameter Value (mm) Parameter Value (mm) 

LA 45 Lstub 4 

WA 35 LS 1.5 

LF 17.86 WS 15.5 

WF 1.945 r 2 

Moreover, the gain spectra of both antenna models are evaluated. The modified antenna shows a gain 

enhancement of approximately 1.31 dB compared to the conventional antenna. The gain of the modified 

antenna varies from 4.29 dB to 8.55 dB in the desired band, with a maximum value of 8.55 dB at 8 GHz, 

as seen in Figure 11 (b). Furthermore, the radiation pattern of the modified antenna compared with the 

conventional structure is presented in Figure 11 (c), which shows that the modified structure has a more 

directive beam due to the current surface reduction in the outer edges. 

Finally, Figure 12 presents the efficiency of the modified antenna, showing that the modified antenna 

has a good efficiency value varying from 80% to 92.6% in the Sub-6 band. 

An array of reflectarray MTM-based reconfigurable behavior is designed and located vertically on 

the propagated wave direction, as seen in Figure 13. The separated distance (d) between the MVA and the 

reflectarray structure is optimized to 20 mm. 

For reconfigurable pattern achievement, PIN diodes are inserted among unit cells. The array of PIN 

diodes is divided into four groups, as seen in Figure 12 (c). Reconfiguring the unit cells changes the phase 

distribution across the proposed surface structure, which controls the direction and beam shape of the 

reflected wave. 

LA 

WA 

LF 

WF 

Lstub 

LS 

WS 
r 
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Figure 11. Conventional and modified antenna results; a) reflection coefficient, b) gain versus frequency, 

and c) radiating patterns 

 
Figure 12. Efficiency of the modified antenna 

 

  

 

Sub-6, 5G band 

(b) 

 

 

 

 

 

 

 

 

(c) 

(a) 
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Figure 13. Reconfigurable reflectarray structure; a) 3D view, b) top view, and c) front view 

In this section, the radiation patterns of the reconfigurable reflectarray structure based on MVA are 

tested and analyzed. When all diodes are in the ON state, the radiation pattern of the proposed structure is 

presented in 3D, top, and side views, as shown in Figure 14. The results demonstrate that the MTM array 

reflects all the incident waves across the entire 5G bands, with no waves transmitted through the 

reflectarray structure. 

3D Top Side 

 

 

 

Figure 14. Radiation pattern of the proposed structure when all diodes are in the ON state 

(c) 

d 

B 

C 

D 

(a) (b) 

A 
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Figure 15 shows the radiation pattern of the proposed structure when Group A of the diodes is in the 

ON state. The results indicate that the incident waves are reflected at a 20° angle to the left side. When 

Group B of diodes is activated and other groups remain inactive, the incident waves are reflected at a 21° 

angle to the right side, as seen in Figure 16. When only Group C is activated, the results indicate that the 

reflected waves are directed in an upper direction with an angle of 30°, as seen in Figure 17. Furthermore, 

the reflected waves are directed in a lower direction at an angle of 37° when Group D is activated, as seen 

in Figure 18. Depending on which diode group is activated (in the ON state), the incident waves will be 

reflected and redirected at different angles. Figure 19 presents the 2D radiation patterns of the proposed 

structure for all diode configurations. 

3D View Front View Top View 

  

 

 

Figure 15. Radiation pattern of the proposed structure when Group A is in the ON state 

 

3D View Top View Side View 

 

 

 
Figure 16. Radiation pattern of the proposed structure when Group B is in the ON state 

 

 

3D View Front View Side View 

   
Figure 17. Radiation pattern of the proposed structure when Group C is in the ON state 
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3D View Front View Side View 

   

Figure 18. Radiation pattern of the proposed structure when Group D is in the ON state 
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Figure 19. Radiation patterns of the proposed structure for different diode states 

3. Fabrication and Measurement 

Figure 20 shows the fabrication of the proposed structures using an LPKF ProtoMat S100 CN 

Machine. Figure 20 (a) presents the MVA prototype, and Figure 20 (b) presents the reflectarray structure. 

The vector network analyzer (VNA) and anechoic chamber are involved in testing and measuring the 

performance of the proposed structures, as shown in Figure 21. Figure 22 shows how the measured S11 of 

the proposed structures are obtained and compared with those from the simulation. Figure 23 presents the 

simulated and measured radiation patterns of the proposed structures. A good agreement is observed 

between the simulated and measured results, with insignificant differences. Such differences mainly arise 

from copper loss, irregular soldering defects, substrate loss, and errors in the fabrication process. 

(a) 

  

(b) 

  
 

Figure 20. Proposed structure prototypes; (a) MVA structure, (b) reflectarray structure 
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Figure 21. Measurement setup; (a) VNA, (b) anechoic chamber 

 

 

 

Figure 22. The simulated and measured S11; (a) MVA, (b) MVA based on a reflectarray structure when all 

diodes are in the OFF state, (c) MVA based on a reflectarray structure when all diodes are in 

the ON state 

(a) 

(b) 

(c) 
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Figure 23. Simulated and measured radiation patterns at 3.5 GHz; (a) MVA, (b) MVA based on a 

reflectarray structure 

4. Conclusions 

This work introduced a reconfigurable reflectarray structure based on metamaterials. An MVA was 

employed to generate the incident electromagnetic waves. By etching out slitlines along the outer edges of 

the antenna, the bandwidth and gain were enhanced by 1.27 GHz and 1.31 dB, respectively, achieving a 

maximum efficiency of 92.6%. A single layer based on a multi-concentric square rings unit cell in the 

reflectarray structure was proposed. A single layer was provided with a -εr/-μr while multiple square rings 

provided wide reflection bands. Dual bands of reflection were observed; the first band of reflection was 

found from 1.98 GHz to 4.6 GHz, while the second band was from 7.41 GHz to 9.1 GHz. A reflection at 

different angles was achieved depending on the state of the integrated diodes. Finally, a good agreement 

was found between the measurement results and those from the simulation. 

Data Availability Statement: Data are available from the corresponding author upon reasonable request. 
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