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Abstract: A circularly polarized antenna based on a dual dipole topology is designed in this work. Circular polarization 

is achieved by placing two pair of parallel dipoles orthogonally and introducing a 90o phase difference between the four 

arms feeding the dipole using a phase shifter. The two arms of each dipole are located on the opposite sides of the 

single-layered substrate and fed using a probe feed. Disclosure to the environment can be negatively impact an 

antenna's radiation aspects and lead to greater. One way to protect these devices is to evaluate the proposed CP antenna 

with metamaterial radome design, which is closures that can shield antenna while improving the overall performance, 

by integrated with a metamaterial radome designed based on L-shaped unit cells. The application of this radome 

improved the impedance bandwidth from 3.9 % (without radome) to 6.3 % and the 3-dB axial ratio bandwidth from 3.2 % 

to 5.9 %. A prototype of the designed antenna structure is manufactured and measured. The designed and fabricated 

antenna has a simple structure and does not include disagreeable difficulty of the recently reported Complementary 

Cross-Dipole Antennas (CCDA). The antenna has a good radiation behavior in the improved desired gain of 4.31 dBi to  
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at least 6.35 dBi due to the contribution of the radome. Design steps for achieving circular polarization and performance 

improvements are presented and validated experimentally using a fabricated prototype. 

 

Index Terms: Circularly polarized antenna, Parallel dipoles, Metamaterial radome. 

 

 

1. Introduction 

In recent decades, circularly polarized antenna has become more important in several essential wireless 

applications especially satellite communications, Radio Frequency Identification (RFID), energy harvesting, and Global 

Navigation Satellite Systems (GNSS). Circularly polarized (CP) antenna is advantageous in comparison to its linearly 

polarized (LP) counterpart due to the added flexibility between transmitter and receiver and reduced attenuation caused 

by polarization mismatches [1]. The apprehension of circular polarization naturally entails the generation of dual 

orthogonal modes with a 90
o
 phase shift. In CP DRAs, this 90

o
 phase shift is created by making use of either single or 

multi point feeding technique. In terms of structure, CP antennas generally can either be generated using a single feed or 

a dual-feeding structure [2]. 

In recent years, CP antennas are being increasingly used in  applications [3]. Despite being challenging in terms of 

design, CP antennas in WLAN are needed to alleviate indoor multipath and attenuation due to partitions, walls, 

furniture, etc. Besides that, CP antennas maintain planar and low-profile features and are compact in size for operation 

in WLAN applications. Moreover, cost-effectiveness requires a CP antenna to operate throughout the 5.2 and 5.8 GHz 

bands with broad impedance and 3-dB axial-ratio (AR) bandwidths. Most importantly, such antennas will also need to 

operate with satisfactory gain and radiation pattern characteristics. Several types of CP antennas for WLAN have been 

reported recently, which include a dielectric resonator antenna (DRA) [3,4]. A microstrip patch antenna [5], and a slot 

antenna [6]. They operate in single- or dual-band modes, and are limited in terms of bandwidth (up to 8.1 %) and peak 

gain (of up to 3.7 dBi). The smallest antenna is sized at 24.5 mm when operating in the 5.8 GHz band. 

On the other hand, metamaterials have been increasingly integrated with antennas to enhance their performance 

characteristics. The evaluation of the performance of conventional and proposed antennas shows that metamaterials 

have a significant prospective for successful antenna parameters. For example, linearly polarized antennas can be 

incorporated with planar metamaterials to improve impedance bandwidth and provide a unidirectional radiation 

patterns besides miniaturization [7]. Moreover, metamaterial structures have also been widely applied in CP antennas 

[8,9], to enhance gain and impedance matching [10, 11]. More specifically, metamaterials have also been implemented 

in antennas as superstrates when placed over the radiators to improve gain [12,14]. Nevertheless, previous CP antennas 

with such metamaterial superstrates are limited in terms of bandwidth to cater for wideband communications purposes, 

mainly due to the limitations of the metamaterial structures. 

Recently, crossed-dipole antennas have been widely proposed as CP antennas due to their favorable performance – 

wide impedance and AR bandwidths, low profile and size compactness. Several innovative designs have been proposed 

in [15-20]. They are either aimed towards ensuring a low profile structure increasing impedance bandwidth, widening 

(Axial Ratio Bandwidth). However, none of them achieved these options at the same time. 

In this paper, a circularly polarized antenna based on two pairs of orthogonal parallel dipoles integrated with a 

radome is proposed. In order to maintain the low profile advantage of the circular polarized antennas, the main purpose 

of this combined structure lead to the achievement of an impedance bandwidth  of 14GHz and a gain of 6.35 dBi, This 

is one of the best achieved  in literature for such structure, it is simulated, fabricated with optimal dimensions, and 

measured by considering the size and dielectric properties of the substrate in comparison to similarly crossed dipoles 

designed on metallic cavity-backed reflectors in [18-21]. Excitation of the CP property is maintained using a compact 

phase shifter, whereas the wide AR beamwidth is achievable with proper spacing between the two parallel dipole. A 

symmetrical unit cell structure was used to maintain the CP antenna behavior while enhancing gain and broadening 

bandwidth. This paper is organized as follows. The next section will present the design procedures of the CP antenna 

and unit cells of the radome. A suitable improved impedance matching bandwidth and gain were obtained in the 

frequency band of operation. The following sections deal with the antenna geometry, presentation and discussion of its 

simulated and measured results in the sections before the concluding remarks. 

2. Reference Methodologies, Requirements and Challenges 

The circularly polarized antenna in this work is designed based on a pair of parallel dipoles and integrated with a 

planar metamaterial superstrate with L-shape unit cells. Both structures are designed for operation at 5.8 GHz, aimed at 

point-to-point WLAN applications. It consists of two layers, namely: (i) the radiator layer; and (ii) the superstrate 

(radome). The latter is built using two dipoles with each arm located at the reverse side of the same substrate. A unique 

and compact phase shifter is designed to feed both dipoles on each arm with a 90
o
 phase delay to result in CP radiation 

in the specified frequency [21], while maintaining a broadband operation. Upon satisfactory independent performance, 

this antenna is then integrated with the radome to result in gain improvement and unidirectional radiation patterns in the 
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operating band. 

Fig. 1 depicts the schematic of the proposed circularly-polarized antenna, with the two pair of parallel dipoles 

located on the xy plane – one oriented towards the x-plane and the other towards the y-plane. Each arm of the dipole is 

designed with a length of L and with a fixed spacing between two separate parallel dipoles, D. With such arrangement, 

two orthogonal radiations are formed, and their linear superposition is expected to produce the specified circular 

polarization. The radiating elements are printed on both sides of the RT/ Duroid 5880 substrate with a dielectric 

permittivity (εr) of 2.2, a loss tangent (tanδ) of 0.0009, and a thickness of 0.51 mm.  

 

                      (a)front view                                      (b)back view 

 

 

 

 
(c)L-shaped 

radome 

 
    (d)MTM radome with 6 x 7 array of unit cells 

 
     
     (e)integrated radiator and metamaterial radome 

 

Fig. 1. The overall geometry of the proposed antenna 

Table 1 shows the parameters of the proposed antenna and metamaterial radome used in this study. 

Table 1. Dimensions of the proposed CP antenna and unit cell based radome. 

Parameters Value (mm) Parameters Value (mm) 

Ws 55.99 L2 0.5 

 Ls 55.97 G 0.3 

50Ω 1.53 R 4.8 

L 0.5 L1   6.00 

Cp2 3.00 Ar 5.0 

Cp3 2.70 W1 3.00 

Cp4 0.5 D 0.5 

3. Design and Properties of Unit Cell Radome  

In this section, different scenarios were selected to illustrate the utility of the proposed design of the unit cell 

radome extraction methods with the material properties. In (Computer Simulation Technology), the L-shaped unit cell is 

simulated using two perfect electric conductors (PECs) with a thickness of L1 = 0.5 mm on an RT/ Duroid 5880 

substrate. The inductances of this structure are introduced via the metal loops, whereas the capacitances are formed by 

the gaps. Next, the effective permittivity and the effective permeability of the L-shape structure can be calculated using 
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an approach based on extraction from the transmission and reflection characteristics of the metamaterial L-shape 

structure. To do so, the unit cell is placed between two waveguide ports for evaluation in simulations. The total 

inductance (L) and capacitance (C) of the designed structure are calculated using equations (1) and (2), respectively, 

resulting in 1.76 pH and 5.03 nF at 5.8 GHz. [22]. 

 

𝐿 = 𝜇0 =
2∝

𝑒2  
ℎ

𝑐
+  

10𝑑

2𝑤
+

𝑔𝐿2

ℎ
                                                                   (1) 

 

whereas the total capacitance (C) can be calculated by: 

 

 𝐶 = 𝜀0 =
1

𝜇0 𝒸2 +  
2𝑤+𝑔

𝜋10𝑑+ℎ2 ×
10𝑑+𝑔+ℎ

𝐴−𝐿
                                                          (2) 

 

where the free-space permeability is μ0 = 4π × 10
−7

 H/m, permittivity is ε0= 8.854 × 10
−15

 F/m. fig. 2 shows the 

simulation setup for the unit cell. 

 

    

                (a)Structure                                                        (b)Permittivity                                                (c)Permeability 

Fig. 2. Simulation setup and results 

To improve the circular polarization performance, it is necessary to first understand the impact of the dimensions 

of L-shaped structure, which determines the radiation patterns and antenna performance. To extract the effective 

permittivity and the permeability of the L-shape structure, calculations are performed based on the transmission and 

reflection characteristics of this structure. For antenna gain improvement, it is important to note that the effective 

material parameters are most accurate when being illuminated under normal incident waves. For most of the unit cells 

on the radome except the central ones, an oblique wave from the radiation source will be impinging onto these cells. In 

this case, the effective material parameter may slightly differ from what is extracted experimentally under normal 

incidence. First, the normalized wave impedance (Z) and refractive index (n) are retrieved from the S-parameters. The 

effective permittivity (εeff), and permeability (μeff) are then computed from the n and Z values using MATLAB software. 

The resulting permittivity and permeability of the L-shaped unit cell are depicted in fig. 2 the real and imaginary peaks 

of the effective permittivity are presented for the unit cell. The real peak of permittivity curve has negative magnitude 

from 5.8GHz to 13.5GHz and is positive before this range. The negative peak of the permeability curve occurs at the 

higher frequency from 6.1GHz to 14GHz because in the higher frequency region, the current cannot cope with applied 

field phase. To enhance the CP antenna performance, it was essential to apprehend the impact of the size of the L-shape 

structure to ensure the effect of the periodic structure size and to obtain the optimum radiation parameters [23]. 

Nevertheless, the imaginary part of this curve has a near zero peak from 2GHz to 14GHz as well. 

Experimental evaluations were performed using a vector network analyzer (VNA) from Agilent Technologies 

(model E83628) in terms of reflection performance, and an anechoic chamber from Atenlab for its radiation patterns. 

Due to the rotational symmetry in the placement of the dipoles, only the radiation characteristic in the xz-plane is 

investigated in detail in this work. The arrangements of the polarized planar dipole with 6 x 7 arrays of unit cells are 

shown in fig. 3.  

 
 

(a) proposed CP antenna (front view)                          (b) antenna (back view) 

Port 2 
Port 1 
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       (c)6x7L-shapedMTM array                        (d)MTM array (under measurement) 

Fig. 3. Fabricated prototype 

4. Results and Discussion 

Next, the optimized antenna was then fabricated using RT/ Duroid 5880 substrate, as shown in fig. 3. The overall 

performance of the designed CP antenna integrated with the L-shaped radome will be assessed in terms of simulated 

and measured reflection coefficient, axial ratio and gain. Fig. 4(a) presents the simulated and measured S11 

characteristics of the proposed antenna with and without the metamaterial radome. As can be seen, the metamaterial 

enhances the matching characteristics of the antenna. The fractional bandwidth of the antenna is increased from 3.2 % 

to 5.9 % as well. 4(b) illustrates the simulated and measured axial ratio (AR) with and without metamaterial radome at 

5.8 GHz. Both results are found to be in agreement with each other. Measurements of the 3-dB AR bandwidth indicated 

to 6.5%, whereas simulations indicated 5.9%. Fig. 4(c) indicates the performance of peak gain with and without 

metamaterial radome from 4.31 dBi to 6.35 dBi.  Moreover, all the other simulated and measured results with and 

without metamaterial, such as reflection coefficient, axial ratio, radiation gain and efficiency are consistent. 

 

 

 (a)Reflection coefficient, |S11|                               (b) axial ratio and                                                (c) peak gain. 

Fig. 4. Simulation and measurement results of the CP antenna   

 

                                (a) E-plane                                              (b) H-plane 
Fig. 5. Simulation Simulated and measured radiation patterns at 5.8 GHz 

Radiation patterns of simulated and measured antenna with and without metamaterial radome of the proposed 

radome are shown in fig. 5 the E- and H-planes radiation patterns of the antenna at 5.8 GHz. 

Measurements indicated   agreements with the simulations. In the target band of 5.62 to 6.1 GHz, an AR of less 

than 3 dB, with |S11| of less than ̶ 40 dB is observed. Moreover, the peak radiation efficiency throughout this band is 

around 96.6 % and its gain is larger than 2.3 % with metamaterial radome, the simulated and measured radiation 

efficiency throughout the investigated band show in fig 6. 

Frequency / GHz

5.2 5.4 5.6 5.8 6.0 6.2 6.4R
ef

le
ct

io
n

 C
oe

ff
ic

ie
n

t 
/ d

B
 

-30

-25

-20

-15

-10

-5

0

S11 Measured with (MTMR)

S11 Simulated with (MTMR)

S11 Simulated without (MTMR)

S11 Measured without (MTMR)

Frequency / GHz
5.2 5.4 5.6 5.8 6.0 6.2 6.4

A
xi

al
 R

at
io

 / 
d

B
 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

AR Measured with (MTMR)

AR Simulated with (MTMR)

AR Simulated without (MTMR)

AR Measured without (MTMR)

Frequency / GHz

5.2 5.4 5.6 5.8 6.0 6.2 6.4

G
ai

n
 / 

d
B

i 

4

6

8

10

Gain Measured with (MTMR)

Gain Simulated with (MTMR)

Gain Simulated without (MTMR)

Gain Measured without (MTMR)

-90

-60

-30
0

30

60

90

120

150
180

210

240

-4
-2
0
2
4
6

H-Plane Measured With (MTMR)

H-Plane Simulated With (MTMR)

H-Plane Simulated Without (MTMR)

H-Plane Measured Without (MTMR)

-90

-60

-30
0

30

60

90

120

150
180

210

240

-4
-2
0
2
4
6

E-Plane Measured With (MTMR)

E-Plane Simulated With (MTMR)

E-Plane Simulated Without (MTMR)

E-Plane Measured Without (MTMR)

 
 

 



A Circularly Polarized Planar Dipole with L-Shaped Metamaterial Radome for 5.8 GHz WLAN Application 

20                                                                                                                                                                       Volume 13 (2023), Issue 6 

 

Fig. 6. Simulation and measured radiation efficiency 

The simulated and measured radiation efficiency of the final structure presented in Fig. 6 further proves the 

effectiveness of the proposed radome to improve the radiation efficiency. The radiation efficiency was found to be 93.8% 

in the passband with a maximum value of 96.6%. Comparisons were made using the same antenna, with and without 

the proposed radome, respectively.  

To demonstrate the good advantages of our design, some performances are presented to compare with the existing 

literature as shown in Table 2. 

Table 2. Comparison performance of the proposed antenna with and without metamaterial radome 

Ref Freq. 

(GHz) 

Overall size[size in λ] Impedance 

bandwidth (%) 

AR bandwidth 

(%) 

Gain 

(dBi)    

Eff (%) 

[24] 1-5 [1.163λ× 1.163λ× 0.106λ] 3.45-3.65   5.6 3.45-3.65    5.6 - - 

[25] 5.2-6.0 [0.52λo× 0.58λo× 0.036λo] 5.74-5.88   2.4 5.47-6.0     9.24 

 

2.6 63 

[26] 1.2-2.0 [1.18λo× 1.3λo× 0.06λo] 1.49-1.78   18.2 1.56-1.65    5.6 4 85 

[27] 1.8-2.8 [0.88λo× 0.88λo× 0.076λo] 2.3-2.5        5.9 2.34-2.42   1.15 1.57 35 

[28] 2.0-3.6 [0.327λ× 0.327λ× 0.028λ] 2.842-3.2    4.90 2.57-2.83   1.68 3.7 72 

[29] 2.0-3.4 [0.4357λ× 0.435λ× 0.019λ] 2.27-2.78    2.33 2.78-2.82   2.33 5.1 76.7 

This work 5.2-6.4 [0.86λ× 0.86λ× 0.067λ] 5.55-6.06    6.3 5.59-5.92   5.9 6.35 96.6 

 

Finally, the proposed antenna is compared with other CP antennas reported in the literature in terms of impedance 

and 3-dB AR bandwidths, operating frequency, efficiency and gain, as tabulated in Table II. It can be observed that the 

proposed antenna with radome performed with the broadest bandwidth and the best gain trade-off. It is also seen that 

when compared with other antennas of the same size (in terms of wavelength), the proposed antenna with radome 

provided significant improvements in terms of gain, at the expense of a slight increase in thickness. Nonetheless, when 

applied in WLAN base stations or repeaters, this additional thickness is not expected to be a major concern. Most 

importantly, the satisfactory agreement between the simulated and measured results validates the accuracy of the 

theoretical model and measurement results obtained from the fabricated prototype.  

5. Conclusion 

In this paper, a circularly polarized antenna with and without metamaterial radome with bandwidth, gain and 

efficiency has been proposed, designed and tested for WLAN applications. First, the explanation of the principles of 

bandwidth and gain enhancement from the two pairs of parallel dipoles printed antenna is provided, followed by the 

feeding method. Then, the design procedure and enhancements contributed by the L-shape metamaterial- based radome 

is presented. Both the antenna and radome are designed to be operated at the center frequency of 5.8 GHz. Finally, 

fabrication and measurement of a prototype with L-shape metamaterial-based radome indicated improvements in 

performance in terms of 10-dB impedance bandwidth of 6.3%, a 3dB-AR bandwidth of 5.9 %, and gain of 6.35 dBi 

completed the influences of proposed metamaterial-based radome on the proposed planar dipole antenna. 
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