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Reconfigurable metamaterial structure for 5G beam tilting antenna 

applications 

Abstract — In this paper, we propose a metamaterial (MTM) structure with a 
reconfigurable property designed to operate at the millimetre-wave (mm-wave) 
spectrum. Four switches are used to achieve the reconfigurable property of the 
MTM with two configurations. These two configurations exhibit different 
refractive indices, which used to guide the radiation beam of the antenna to the 
desired direction. The proposed planar dipole antenna operates at the 5th 
generation (5G) band of 28 GHz. The electromagnetic (EM) rays of the proposed 
antenna pass through different MTM configurations with different phases, 
subsequently results in the tilting of the radiation beam toward MTM 
configuration of high refractive index. Simulated and measured results of the 
proposed antenna loaded by MTM demonstrate that the radiation beam is tilted 
by angles of +34º and -31º in the E-plane depending on the arrangement of two 
MTM configurations onto the antenna substrate. Furthermore, the gain is 
improved by 1.7 dB and 1.5 dB for positive and negative tilting angles, 
respectively. The reflection coefficients of the antenna with MTM are kept below 
-10 dB at 28 GHz.  

Keywords: Beam tilting, 5G, millimetre-wave (mm-wave), refractive index, 

reconfigurable metamaterial. 

1. Introduction  

Mm-wave frequencies, such as 28 GHz and 60 GHz, are proposed to realize 5G 
networks with a large bandwidth, which translates directly to higher data transfer rates 
and low latency in signal traffic. These frequencies enable mitigation of interference as 
well as increase the frequency reuse factor [1, 2]. However, these frequencies suffer 
from high propagation loss, limiting the communications to short-range distances. To 
overcome this issue, a high gain directional antenna should be used at both terminals of 
the communication system [3]. Reconfiguring the radiation pattern of the antennas is 
key to enhancing the performance of the communication systems in terms of 
interference reduction, economizing power, and system security [4]. Various techniques 
have been proposed in the literature for performing the beam tilting, such as mechanical 
and electronic methods. In spite of the drawbacks of bulky structure and low switching 
speed of the mechanical method, it provides a large scan angle in comparison with other 
methods [5]. On the other hand, the electronic method provides high switching speed 
and small physical structure. However, it suffers from high losses due to the active 
devices used [ 6, 7]. 
  Recently, the artificial periodic structures such as MTM [8], artificial magnetic 
conductor (AMC) [9], electromagnetic bandgap (EBG) [10], and frequency selective 
surface (FSS) [11] had been proposed for performing the beam tilting antenna. MTMs 
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are artificially engineered materials with electromagnetic characteristics not found in 
nature. These human-made materials are commonly used in antenna design to enhance 
the gain, bandwidth, and efficiency and recently to tilt the radiation beam [12-14]. In 
[15], SRR and H-shape were combined in a one-unit cell and used as an array to tilt the 
radiation beam of a horn antenna by an angle of +10°. This structure had a large 
physical size and the gain decreases when a small deflection angle is achieved. Well-
known MTM structures; split-ring resonator (SRR) and meander line were used to tilt 
the radiation beam of the patch antenna array at an angle of +15º albeit with a gain 
decrease of 1.5 dB at 7.3 GHz [16]. Also, the eleven layers of MTM that arranged 
vertically on the patch antenna array complicate the construction and increase the cost 
of the antenna. Periodic J-shape unit cells were included into a leaky-wave antenna to 
deflect the radiation beam in both directions at angles of ±15°[17]. In [18], 3×4 array of 
H-shaped MTM is embedded into a bow-tie antenna substrate to perform a beam tilting 
angle at 7.5 GHz. Here, to achieve the beam tilting, it is necessary to offset the MTM 
unit cells form the centre of the antenna. In this case, the size of the antenna substrate is 
increased towards the extension of MTM array, thereby increasing the overall size of 
the antenna. In this work, the deflected angle is limited to one direction only, positive 
direction, with a small scanning angle of 17º. The beam tilting antenna had been 
implemented in both directions in [19].  The folded-line left-handed (FL-LHM) unit 
cells were arranged above the patch antenna to perform beam deflection at angles of 
±20º. Moreover, the gain was improved by 2.5 dB. Although this work presents beam 
deflection and gain enhancement in both directions, the scanning angles need to be 
improved and also the structure is bulky due to the 3D arrangement of the patch antenna 
with MTM array. 6×7 adjacent square-shaped resonator (ASSR) unit cells were used to 
deflect the radiation beam of the printed dipole in both positive and negative directions 
[8]. The radiation beam is tilted by 25º and -24º with gain enhancement in both 
directions. The high deflection angle of +30º is obtained by integrating a high refractive 
index metamaterial (HRIM) with a dipole antenna, but the tilting angle is also limited to 
one direction. Also, four vertical layers of MTM unit cells increase the complexity of 
the antenna [20]. In [21], a bow-tie antenna loaded by 5×4 double G-shaped resonator 
(DGS) array was proposed to perform the beam deflection in both directions. The MTM 
antenna achieves deflection angles of ± 32° at 3.5 GHz. However, the multilayer of 
DGS that arranged vertically on the antenna substrate increase the complexity and the 
cost. 

In this paper, a reconfigurable refractive index MTM structure is loaded to a 
planar antenna for radiation beam deflection at 5G candidate band of 28 GHz. The 
proposed structure uses a smaller number of MTM unit cells, 2×3 unit cells, to achieve 
positive and negative beam tilting angles with gain enhancement.  

2. The proposed MTM Structure  

The geometric layout of the proposed MTM unit cell is depicted in Figure 1(a), which 
consists of a square resonator with two cross-diagonal bars. The dielectric layer is 
Rogers RT5880 with a thickness of 0.254 mm, a relative permittivity of 2.2, and a 
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tangent loss of 0.0009. The metallic layer is a lossy copper with a thickness of 0.035 
mm. The dimensions of the proposed unit cells are L=3.3 mm, L1=3 mm, T=1.64 mm, 
F=0.4 mm, G=0.35 mm and W=0.2 mm. To achieve the reconfigurable MTM structure, 
four switches (S1, S2, S3, and S4) are formed in the gaps of the structure, as shown in 
Figure 1(b). The copper strip with a size of 0.35 × 0.2 mm is used to mimic the 
dimensions of the real PIN switches. The ON state is represented by the copper strip, 
whereas the vacuum represents the OFF state. Only two states of the switches (all ON 
and all OFF) have been studied to meet the study requirements of creating two MTM 
configurations (ON configuration and OFF configuration) with different refractive 
index values. The proper boundary conditions are applied to perform the simulation, in 
which the x- and z-axes are allocated with magnetic and electric fields, respectively, and 
two waveguide ports are assigned in the y-direction. 

The reflection, 𝑆𝑆11 and transmission, 𝑆𝑆21 coefficients of the reconfigurable 
MTM structure are shown in Figure 2. For OFF configuration, the transmission band 
shows a very low loss of about -0.16 dB at 28.3 GHz because of the proper geometric 
arrangement of the structure. On the other hand, a robust retrieval algorithm is used to 
reconstruct the index of refraction of the proposed structure [22]. The real refractive 
index of the proposed structure for both ON and OFF configurations are displayed in 
Figure 3. It is noticeable that the negative refractive index differs at 28 GHz, with the 
ON and OFF configurations achieving 2.9 and 1.9, respectively. The main purpose of 
using the switches is to create different refractive indices at 28 GHz, which are used to 
tilt the main beam of the proposed antenna.  

3. Dipole Antenna Design 

The schematic view and the fabricated prototype of the planar dipole antenna are shown 
in Figure 4(a) and (b), respectively. The dipole structure and the balun are printed on the 
back layer and front layer of the substrate, respectively. The integrated balun is used to 
feed the dipole antenna, which used to transform the balanced dipoles to the unbalance 
coaxial connector. The integrated balun consists of a microstrip line with the open stub 
as shown in Figure 4 (a). The off-centered microstrip line with open stub is used to feed 
the dipole through a slot between the two dipole arms. The substrate layer is Rogers 
RT5880 with a thickness of 0.254 mm, a dielectric constant of 2.2, and a tangent loss of 
0.0009. The geometric specifications of the proposed antenna are given in the Table. 1. 
The length of each arm is a quarter-wavelength which can be calculated as follows:  
 
                                           𝐿𝐿𝑎𝑎 = 0.25 𝜆𝜆   and 𝜆𝜆 = 𝑐𝑐

𝑓𝑓�𝜀𝜀𝑒𝑒
                                                 (1) 

Where 𝐿𝐿𝑎𝑎 is dipole arm length, λ is the wavelength, C is the speed of light in free space 
and 𝑓𝑓 is the operating frequency. The effective dielectric constant (𝜀𝜀𝑒𝑒) is equal to the 
average of the dielectric constant of the substrate (𝜀𝜀𝑟𝑟) and air which can be expressed as 
in [23]  
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                                                 𝜀𝜀𝑒𝑒 = (1+𝜀𝜀𝑟𝑟)
2

                                                           (2)   

Thus, 

                                                       𝐿𝐿𝑎𝑎 = 0.25 𝑐𝑐
𝑓𝑓�(1+𝜀𝜀𝑟𝑟)/2                                              (3) 

At the operation frequency of the proposed antenna, 28 GHz, the 𝐿𝐿𝑎𝑎 is roughly 2.1 mm 
for Rogers RT5880 substrate which equals the simulated length using CST software. 
 

The simulated and measured reflection coefficients of the dipole antenna are 
plotted in Figure 5(a). The simulation result shows that the antenna operates at 28 GHz 
with a reflection coefficient, 𝑆𝑆11 of -24.2 dB and wide bandwidth. The proposed 
antenna was fabricated and measured to validate the simulated results. The southwest 
end-launch connector of 1.85 mm had been used in the measurements to verify the 
antenna characteristics. There is a good match between the simulated and measured 
results. However, a small downshift in the measured results was observed due to the 
fabrication tolerance and the sensitivity of measurement at the high-frequency range. 
Figures 5(b) and (c) present the simulated and measured radiation patterns of the 
proposed antenna in the E-plane and H-plane at 28 GHz, respectively. It is obvious that 
the E-plane radiation pattern of the dipole is directional, with a peak gain of 5.12 dB at 
28 GHz. The radiation  patterns in E-plane and H-plane radiates to the end-fire direction 
(y) with no tilting. The simulation and measurement results show good agreement. 

4. Performance and analysis of antenna with MTM unit cells  

4.1 Theoretical concept of beam tilting  

The theoretical concept of radiation beam tilting relies on two MTM configurations of 
different refractive index which placed in the way of the EM rays. According to Snell’s 
law, when the EM wave travels into two mediums of different refractive indices, it 
refracted in a predefined angle. The various refractive index values of the 
reconfigurable MTM create phase change for the EM wave, which leads to beam tilting. 
This concept is used here to tilt the radiation beam of the dipole antenna in E-plane. The 
best way to obtain mediums with different refractive index values on the restricted area 
of the substrate is by using suitable MTM design with reconfigurability property. The 
two configurations of MTM are positioned in the proximity of the EM source (dipole 
antenna) as shown in Figure 6. The 2×3 unit cells of reconfigurable MTM are inserted 
into a dipole antenna substrate with the overall dimensions of 9.9 mm × 6.6 mm. The 
rays of an EM wave travel over the reconfigurable MTM structure with different lengths 
and directions. As described in [24], the calculation of the array factor (AF) at far-field 
is used to determine the resultant effect of each ray.  The position of each element is 
depicted in Figure 6.   
The AF can be expressed as  
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                                         AF = 1 + 𝑒𝑒𝑖𝑖𝑖𝑖𝑑𝑑1cos𝛾𝛾1 + 𝑒𝑒𝑖𝑖𝑖𝑖𝑑𝑑2cos𝛾𝛾2                                        (4) 

Where 𝑘𝑘 and 𝑑𝑑 are the wavenumber and the length of each ray, respectively. The unit 
vectors 𝑎𝑎�𝑚𝑚1o and 𝑎𝑎�𝑚𝑚2o that extends from the feed point o to the two MTM configurations 
are given by 

 

                                                 𝑎𝑎�𝑚𝑚1𝑜𝑜 = 0.6𝑎𝑎�𝑥𝑥 + 0.8𝑎𝑎�𝑦𝑦                                                  (5) 

                                                𝑎𝑎�𝑚𝑚2𝑜𝑜 = −0.33𝑎𝑎�𝑥𝑥 + 0.94𝑎𝑎�𝑦𝑦                                            (6) 

where  𝛼𝛼1= 53.4° and 𝛼𝛼2= 70.7°  
 

                              𝑎𝑎�𝑟𝑟𝑜𝑜 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎�𝑥𝑥 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎�𝑦𝑦 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎�𝑧𝑧                                (7) 

The angles 𝛾𝛾1  and 𝛾𝛾2 are obtained by the dot product of  𝑎𝑎�𝑟𝑟𝑜𝑜 with  𝑎𝑎�𝑚𝑚1𝑜𝑜 and 𝑎𝑎�𝑚𝑚2o, 
respectively. 

 

                           cos 𝛾𝛾1 = 𝑎𝑎�𝑚𝑚1𝑜𝑜 .𝑎𝑎�𝑟𝑟𝑜𝑜 =  0.6𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 0.8𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                         (8) 

                            cos 𝛾𝛾2 = 𝑎𝑎�𝑚𝑚2𝑜𝑜 .𝑎𝑎�𝑟𝑟𝑜𝑜 =  −0.33𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 0.94𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                 (9) 

At  𝑠𝑠=90° plane, equations (8) and (9) are reduced to  
 
                                         cos 𝛾𝛾1 =  0.6𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 0.8𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                                             (10) 

                                         cos 𝛾𝛾2 =  −0.33𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 0.94𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                                      (11) 

Thus, 
                           AF = 1 + 𝑒𝑒𝑖𝑖𝑖𝑖𝑑𝑑1(0.6𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐+0.8𝑐𝑐𝑖𝑖𝑠𝑠𝑐𝑐) + 𝑒𝑒𝑖𝑖𝑖𝑖𝑑𝑑2(−0.33𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐+0.94𝑐𝑐𝑖𝑖𝑠𝑠𝑐𝑐)             (12) 

 
In order to calculate the radiation pattern of the dipole antenna loaded by 

reconfigurable MTM structure, the AF is multiplied by the dipole antenna element 
factor which is given by cos((𝜋𝜋/2)cos𝑠𝑠)/sin𝑠𝑠 [25].  The dipole antenna’s main beam 
is tilted at an angle of 28° when the reconfigurable MTM unit cells are loaded as 
depicted in Figure 7. 

 

4.2 Antenna beam tilting   

To achieve positive and negative tilting angles, 2×3 MTM unit cells with different 
configurations are inserted into the antenna substrate, as shown in Figures 8 and 9, 
respectively. To obtain a positive tilting angle, 2×2 unit cells with the ON configuration 
extended from the centre to the right side of the substrate, while 2×1 unit cells with the 
OFF configuration were placed to the left side of the substrate. Figures 8 (a) and (b) 
display the designed configuration and its fabrication prototype, respectively. This 
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arrangement leads to the creation of two MTM configurations with different refractive 
indices in the proximity of the antenna radiating elements, thereby tilting the radiation 
beam toward the MTM of high refractive index (ON configuration). The simulated and 
measured results of the reflection coefficients are plotted in Figure 10. The reflection 
coefficient, 𝑆𝑆11 has been kept lower than −10 dB at 28 GHz. The discrepancy between 
the simulated and measured results is due to the fabrication tolerance.  

Figures 11 (a), (b), (c) and (d) show the normalized simulated and measured 
results of the radiation patterns in the E-plane at 27.7 GHz, 28 GHz, and 28.3 GHz and 
in H-plane at 28 GHz, respectively. The radiation beam is tilted by an angle of +34º in 
the E-plane at 28 GHz. The measured result confirms that the main beam is deflected by 
+34º. To carry out a negative tilting angle, the arrangement of the MTM configurations 
is reversed compared to that of the positive deflection angle. Figure 9 (a) and (b) depicts 
the designed and prototype of antenna incorporated with 2×3 MTM unit cells for 
negative tilting in E-plane. 2×2 unit cells with the ON configuration spread from the 
centre to the left side of the substrate and 2×1 unit cells with the OFF configuration 
were placed to the right side of the antenna. From Figure 10, there is good matching 
between the measured and simulated reflection coefficients. The radiation beam is tilted 
toward the high refractive index configuration at an angle of -31º in the E-plane at 28 
GHz, as shown in Figure 11. The including of MTM array affects the shape of the 
radiation pattern in H-plane, however, the MTM antenna still radiates with no tilting for 
both directions as shown in Figure 11 (d). Overall, the measured radiation patterns are 
consistent well with the simulation results for both positive and negative tilting angles. 
The 3-degrees difference between the positive and negative tilting angles is due to the 
integrated balun that used to feed the proposed antenna. The design of integrated balun 
helps MTM array to guide the main beam of the antenna toward a more positive 
direction.  

Figure 12 displays the simulated and measured gains for the dipole antenna, 
antenna with MTM for positive tilting and antenna with MTM for negative tilting. The 
gain is enhanced by 1.7 dB when the beam is tilted towards a positive direction (+y), 
which means about 24.8% of gain enhancement over the dipole antenna. On the other 
hand, the gain improves by 1.5 dB (22.4%) when the beam is tilted in a negative 
direction (-y). This enhancement in the gain can help to mitigate the propagation loss 
resulting from increasing the operating frequency of the antenna. The measured gains 
agree well with the simulated ones for the dipole antenna and MTM antenna. Table 2 
presents the comparison of the recent literature with this work in terms of antenna, 
frequency of operation, radiation pattern tilting angle, gain enhancement, and the used 
MTM structure. The proposed antenna with MTM array produces high deflection angles 
with an acceptable increase in the gain in both directions compared to other reported 
literature. 

5. Conclusion

A reconfigurable metamaterial (MTM) structure is proposed to operate at the mm-wave 
frequency range. Four switches have been used to achieve two MTM configurations 
with different refractive indices, which are used to tilt the radiation beam of the 
proposed 5G antenna at 28 GHz. The performance of the two MTM configurations had 
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been studied, and their refractive indices had been reconstructed. Simulated and 
measured results show that MTM with two configurations can tilt the radiation beam of 
the proposed antenna in both directions at angles of +34º and -31º in the E-plane. The 3-
degrees difference between the positive and negative tilting angles is due to the 
integrated balun that used to feed the proposed antenna. Moreover, the beam tilting 
exhibits gain enhancements of 24.8% and 22.4% for positive and negative tilting angles, 
respectively, due to the inclusion of MTM in the path of the EM rays. The proposed 
structure is a promising candidate for beamforming applications at the 5G candidate 
band of 28 GHz. 
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Tables  

Table 1. Geometric specifications of the proposed antenna 

Parameter Value (mm) Parameter Value (mm) 

X 12 L1 2.1 
Y 16 W2 0.7 
L 6 W3 0.5 
W 10 W4 1.55 
W1 4 Ws 0.7 
La 2.1 Wd 0.8 
L2 0.5 s 0.5 

Table 2. Comparison of the present work with that reported literature for beam 
deflection using MTM structures 

Ref. Antenna 
type 

(Frequency 
band) 

Titling 
angles 

Gain Complexity MTM 
shape 

[15] Horn 
antenna 

Ku- band 
(15 GHz) 

+10° 
Posit. tilt 

Reduced by 
0.48 dB 

High  
(3D structure) 

SRR and 
H-shape 

[16] Patch 
antenna 

C-band 
(7.3 GHz) 

+15º 
Posit. tilt 

Reduced by 
1.5 dB 

High 
(3D tringle 
structure) 

SRR and 
meander 

line 
[17] leaky-wave 

antenna 
X-band 
(8 GHz) 

±15° 
Posit. and 
negat. tilt 

- High (using 
active 

component) 

J-shape 

[18] Bow-tie 
antenna 

C-band 
(7.5 GHz) 

+17° 
Posit. tilt 

Enhanced 
by 2.73 dB 

low H-shape 

[19] patch 
antenna 

C-band 
(5.8 GHz) 

±20º Posit. 
and negat. 

tilt 

Enhanced 
by 2.5 dB 

High 
(3D structure) 

FL-LHM 

[8] Dipole 
antenna 

S-band 
3.5 GHz 

+25º posit 
tilt and -24º 
negat. tilt 

Enhanced 
by 3 dB 
posit tilt 

and 2.7 dB 
negat. tilt 

low ASSR 

[20] Dipole 
antenna 

V-band 
(60 GHz) 

+30º posit. 
tilt 

Enhanced 
by 2.7 dB 

High 
(3D structure) 

HRIM 

This 
work 

Dipole 
antenna 

Ka-band 

(28 GHz) 

+34º posit 
tilt and -31º 
negat. tilt 

Enhanced 
by 1.72 dB 
posit. tilt 

and 1.5 dB 
negat. tilt 

Low profile 
structure 

Square 
resonator 
with two 

cross-
diagonal 
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Figure 1.  (a) Geometric layout of the proposed MTM unit cell (b) reconfigurable unit 
cell using four switches. 

Figure 2.  Reflection and transmission coefficients of the reconfigurable MTM 
structure. reflection, 𝑆𝑆11 and transmission, 𝑆𝑆21  
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Figure 4. (a) Schematic view of the planar dipole antenna (b) front and back layers of 
the fabricated prototype. 

Figure 3.  Real refractive index of the reconfigurable MTM structure. reflection, 𝑆𝑆11 
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Figure 5. Simulated and measured results (a) Reflection coefficient, (b) radiation 
pattern in E-plane, and (c) radiation pattern in H-plane at 28 GHz. 
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Figure 6. (a) Two MTM configurations on xy-plane (b) EM ray routes and their locations 
from the feed point in the coordinate plane for array factor and radiation pattern 
calculations. 
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Figure 7. Radiation pattern of the proposed antenna loaded by reconfigurable MTM.  

(a) (b)

Figure 8. Antenna loaded MTM for positive tilting a) schematic view of MTM 
antenna (b) photographs of the fabricated antenna. 
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(a) (b) 
Figure 9. Antenna loaded MTM for negative tilting a) schematic view of MTM antenna 
(b) photographs of the fabricated antenna. 

Figure 10. Simulated and measured reflection coefficient results of the proposed 
antenna with MTM (positive and negative tilts). 
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Figure 12. Simulated and measured gain for the dipole antenna, antenna with MTM 
for positive tilt and antenna with MTM for negative tilt. 
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Figure 11. Normalized simulated and measured results of the radiation patterns in E-
plane (positive and negative tilts) at (a) 27.7 GHz, (b) 28GHz and (c) 28.3 GHz and (d) 
in H-plane at 28 GHz. 
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