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 Wideband circularly polarized (CP) cross-dipole antennas with flat, cavity 

and artificial magnetic conductor (AMC) reflectors are proposed. Each 

proposed antenna consists of a pair of driven dipoles, a pair of vacant-quarter 

printed rings, and a 50Ω coaxial probe. The boomerang shape has been 

adopted in the crossed-dipole. This shape makes the design more compact, so 

it can be a good candidate in the antenna array because of reducing the 

mutual coupling. All numerical simulation works have been done using the 

ANSYS electromagnetic (EM) software based on the finite element method 

(FEM) algorithm. The presented crossed-dipole with a cavity has the best 

performance compared to ones with conventional flat and AMC grounds. 

However, the crossed-dipole with the AMC ground is a low-profile structure. 

Thus, the paper investigates and discusses the results of the proposed 

strctures thoroughly. The obtained impedance bandwidth (IBW) is 42% (5.1-

7.85 GHz) and the axial-ratio bandwidth (ARBW) is 7.72% (5.86-6.32 GHz) 

for the crossed-dipole with the conventional flat ground (i.e., reflector). 

Furthermore, the IBW and ARBW for the antenna with the cavity reflector 

are 50.37% (5.08-8.5 GHz) and 26.4% (5.72-7.46 GHz), respectively. The 

antenna with the AMC ground has the characterstics of the IBW and ARBW 

as 38.16% (5.36-7.89 GHz) and 15.16% (5.79-6.74 GHz), respectively. All 

structures are designed to operate for the C-band and wireless local area 

networks (WLAN) applications.  
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1. INTRODUCTION  

The cross-dipole antenna (CDA) has attracted a lot of attention among researchers in the last decade 

owing to its capability to generate almost pure circular polarization at a wide range of frequencies. As 

known, antennas with circular polarization are in high demand since it can receive and transmit signals at any 

orientation in space. Thus, mobile wireless communications and satellite applications cannot indispensible of 

these types of antenna to guarantee a good connection between two wireless ends. Historically, the CDA was 

invented in the 1930s, following the invention from Brown which was the first CDA under the name of 

“turnstile antenna”. After that, in 1940s, the “superturnstile” antenna was developed with a wider impedance 

bandwidth design compared with the previous ones [1], [2]. In the1960s, a new design of CDA used a single 

feed, where the CDA had arms with unequal lengths. This aids to balance the phase difference between the 

two components of electric fields to generate perfect circular polarization signals with an axial ratio close to 

0 dB. In other words, the condition was that both dipoles had equal real part admittance but different input 

https://creativecommons.org/licenses/by-sa/4.0/
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angle by 90° leading into generation of circular polarization [3]. In addition, in the 2010s, the CDA was fed 

with two separated ports, having 90°phase shift needed as a phase difference between the two ports, a process 

of generation of circular polarization signals [4]. 

The most important criteria in the CDA is the circularity of polarization because the circular 

polarization antennas are the solutions for prohibiting multipath effects and alleviating the polarization 

mismatch problems as known among the wireless communication community. Here, some examples for the 

use of the circular polarization antennas are recalled for the sake of integrity such as: navigation satellite 

system global position system (GPS), broadcasting services (BDS) and global navigation satellite systems 

(GNSS) [5]-[7], wireless local area network (WLAN) [8] and radio frequency identification (RFID) [9], [10], 

wireless personal area network [11] and worldwide interoperability (WiMax) for microwave access [12]. 

Therefore, the cross-dipole antennas are sophisticated for the present and future communication systems. 

Moreover, this type of antennas can generate isotropic, dual, omnidirectional radiation patterns with circular 

polarization capabilities. Also, the cross-dipole antenna is convenient for single and multiband as in [12], a 

wideband as well [13], and broadband operation as in [14]. 

In the recent years, different kinds of wide band CP have been designed and fabricated, utilizing many 

types of radiated structures [12]-[42]. For example, the CDA with dielectric resonant antennas were reported, 

covering a wide band of frequencies and being as a stair shape [15]; a rectangular CDA with two half split 

cylindrical dielectric waveguides, operating at the higher resonant order modes to increase the bandwidth and to 

enhance the circularity of polarization was proposed in [16]; exciting dual modes in the dielectric resonant 

antenna (DRA) by inserting a pair of L-shaped slots is found in the literature [14], providing a good circular 

polarization performance. Alternatively, antenna aperture backed to artificial magnetic conductors artificial 

magnetic conductors (AMCs) was proposed in [17] to improve the antenna performance and to reduce the 

overall size. As found in the literature and undoubtedly, antennas that can cover a wide range of frequencies 

with circular polarization characteristics are the CDA, thanks to its infrastructure, consisting of a pair of dipoles 

with 90 degree phase shift, in particular, the vacant-quarter ring as proposed in [18]. Hence, researchers made a 

lot of efforts in such type of antennas [18]-[38].  

To make the antenna more usable, many modifications have been made to widen the circular 

polarization bandwidth using parasitic elements. The CDA was first designed in 2008 with strip-line 

transmission lines which had 15.6% axial ratio bandwidth ARBW in [18]. Baik et al. proposed in 2011 the 

same antenna design with open loop parasitic elements to enhance -10 dB the impedance bandwidth (IBW) 

and 3 dB ARBW in [19]. Subsequently, Feng et al. [20] have used a single parasitic cross-loop. A cross strip-

dipole with a pair of dipoles to get wide band CP in [21], the same author enhanced his design by adding four 

square-slot patches to provide the broadband CP [22]. Nguyen et al. [23] have used a dual cavity structure to 

widen the CP wideband. Ta and Park has used in [24] a single cavity and magneto-electric (ME), which has 

good influences on the 3 dB antenna reflection (AR). Coupled rotated dipoles is presented in [25]. Also, a 

simple single parasitic element with utilizing a bias circuit to turn on-off the parasitic elements is introduced 

in [26], [27]. Other types and shapes to design the main arms of cross-dipole antennas to widen the ARBW 

and IBW were reported in [28]-[39]. Tran and Park [28] have used the bowtie shape with two slot-made 

etched on the main arms to make come up with a structure radiating at dual frequencies with the IBW and  

3 dB ARBW of 57% and 51%, respectively. In [19], the same shape in the previous reference, the author has 

utilized four parasitic patches where the results are seemingly enhanced to have the IBW of 47.73% and 3 dB 

ARBW of 42.8%. More enhancements have been obtained on the IBW and ARBW compared to the previous 

references mentioned above. The obtained IBW and the 3 dB ARBW were 93.1% and 90.9%, respectively. 

This extraordinary enhancement is owing to using the sequentially rotated feeding lines and unequal cross-

slots [29]. In addition, the trapezoidal bowtie CD antennas are presented in [31]. On the other hand, different 

shapes of radiating cross-dipole antenna arms have been reported as in [32] and are used with the elliptical 

shape, giving good results in front-to-back ratio (FBR), IBW and 3 dB ARBW when using the reflector 

cavity. Moreover, there are more different shapes are presented in [33]-[35]. The rectangular arm of the 

CDA, rectangular arms with extension in the other side of the substrate connected by via to decrease size of 

the antenna and four step rectangular patch with adding dielectric slab above the irregular ground plane 

(reflector) is also proposed. All of those antennas are designed for one aim which is to enhance the IBW and 

3 dB ARBW. 

Subsequently, the artificial magnetic conductor AMC is presented in the literature with the cross-

dipole antennas to reduce the height which is equal to a quarter wavelength in conventional CDA. Using the 

AMC operates to alleviate the need to add this space between dipole’s arms and the ground to make the 

interference between signal radiating from the dipole’s arms and bouncing from the ground constructive. 

Then, the AMC has in-phase reflection, leading into adding the arms and ground adjacently. Additionally, the 

AMC gives new resonant frequencies, improving the impedance bandwidth [36]-[38]. The radiation arms 

were rectangular-shaped with parasitic strips to get a broadband AR where the two cross-asymmetric dual 
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arms are used to radiate dual-band associated with T-shape slits etched on the unit cell patch of AMC 

structure. Most AMC structures use vias (pins) to connect the top conductor with the ground, but there is not 

few works using the AMC without vias.  

In this paper, we propose a new design of the printed cross-dipole antenna with new shapes called 

boomerang shapes for sub-5G applications. The proposed antenna has a very good impedance bandwidth and 

an acceptable 3 dB ARBW that are extremely useful for antenna arrays. Section 2 presents the process of the 

proposed antenna design. In section 3, the main keys of the antenna design is introduced. Finally, section 4 

concludes this research paper.  

 

 

2. ANTENNA DESIGN 

2.1.   Antenna configuration and antenna operation 

The cross-dipole structure is adopted here in this research study because of its advantage as 

mentioned in the previous section. The classic shape in [18] was presented in many research efforts. 

Recently, a wideband CDA can be gotten after many modifying the main arms or by adding parasitic 

elements close to the main radiators to produce several resonance frequencies [19]-[22], [24]-[27], [29]-[31]. 

Here, the boomerang shapes to design dipole arms are employed. As will be seen later, the boomerang arms 

aid to make the structure resonating at several frequencies and leading into a wideband structure compared to 

other designs [28]-[35].  

As depicted in Figure 1 and Table 1, the antenna is a pair of boomerang arms connected together by 

the feeding network as driven elements. The feeding network consists of a pair of vacant quarter rings [18]-[39], 

and they are used to connect the two cross boomerang arms with 𝜆𝑔 4 ⁄ length (𝜆𝑔 is the guided wavelength at 

the design frequency). Each side of the substrate has a single vacant quarter ring printed on its faces. The 

substrate used in the design has 0.5 mm thickness where its type is FR4 (𝜀𝑟 is 4.4 with loss tangent  of 0.02). 

The semi-rigid coaxial cable of 50 Ω allows a 180° phase different between the two arms of each dipole. The 

inner conductor of the SMA is connected to the top arm and the outer conductor is connected to the bottom 

arm. The ground plane is placed on height H of 0.25𝜆0 (𝜆0: free space wavelength at 6 GHz) from the main 

radiator. The ground is a square shape and its side length Lr is equal to 0.785 𝜆0 , in which this size is 

optimized to mitigate the ground effects on the antenna performance, and keeping the overall size is 

acceptable. Table 1 summarizes the antenna dimensions.  

 

 

  

(a) 
 

(b) 
 

 
(c) 

 

Figure 1. The geometrical structure of the proposed antenna type-I: (a) top view,  

(b) magnifying view of arms on the top and (c) side view 
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Table 1. A summary of the antenna dimensions (unit: mm) 
Lr Ls W1 W2 L1 L2 

39.25 22 1  2.3 3.55 
r1 r2 Rb1 Rb2 Rb3 H 

1.1 1.6 2.6 0.9 0.45 12.5 

 

 

There are two equal input admittances for both arms of the two cross dipole antennas with a 90° 

phase shift difference to obtain the CP associated by coaxial cables and the phase sequence on the four arms 

will be (0°. 90°, 180°𝑎𝑛𝑑 270°). The -10 dB IBW is 2.24 GHz with a center frequency of 6.38 GHz and 3 dB 

ARBW is 0.63 GHz with a center frequency of 5.9 GHz. Moreover, the most important property is the 

craving shape that introduces 25% length reduction than all the other CDA shapes. This reduction form is 

very useful in antenna arrays to increase space between antennas which in turn reduces the mutual coupling 

and increase the antenna efficiency. 

In general, the proposed antenna type-I offers good results. However, this antenna does not fulfill 

our goals in this research. Enhancing the performance while keeping or reducing the size is an outstanding 

key. The research is committed to do so. The first way is to employ a cavity with four side walls. Walls 

prohibit signals to spread in a wider space, so the resulting radiation beam becomes narrower and the gain 

becomes larger. This antenna is type-II as shown in Figure 2(a). It produces more consistent pattern and 

greater gain with a comparison to traditional reflector patterns [23]. The second enhancement is the use of an 

artificial magnetic conductor AMC, called antenna type-III, as depicted in Figure 2(b). 

 

 

 

 

(a) type-II (b) type-III 

 

Figure 2. 3D views of the geometrical structures of the proposed antennas 

 

 

Cavity walls have height of 11.25 mm which is about 0.225𝜆0 at 6 GHz and the same reflector 

widths of the antenna type-I. These four walls are made of conducting materials. In order to use an alternative 

way but keeping the same antenna behavior when using bulky cavities is to use a 2D sheet of the AMC 

surface operating as a reflector. The resulting antenna is type-III, displayed in Figure 2(b). the AMC surface 

consists of 7×7 unit-cells, printed on the top side of the lower substrate, with a thickness of 0.708 mm where 

the martial type is Rogers RT/duroid 6010/6010LM (tm) (εr=10.2 and tanδ=0.0023). Each unit-cell has a side 

length of Wc=6 mm about 0.12𝜆0, the spacing between the cells is Ws=0.5 mm and the edge spacing is  

We=0.25 mm then the overall reflector size is 46×46 mm2. The AMC reflector is placed with a height of 

HAMC=6 mm about 0.12𝜆0 less by 50% than the antenna Type-I and type-II in the vertical dimension. This is 

one of the aims to use the AMC surfaces (i.e., to make a small microstrip antenna) [39], as shown in Figure 3. 
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(a) (b) 
 

Figure 3. The proposed antenna type-III: (a) top view and (b) side view 

 

 

2.2.   Antenna mechanism 

The evolution of all proposed antennas presented here is demonstrated precedingly to show up the 

mechanism for improving bandwidths. The first two enhanced antennas with boomerang arms types-I and II use 

the cavity to stop or at least to highly mitigate the backward radiation, especially a cavity with side walls, while 

the proposed antenna type-III is the CDA boomerang type with an AMC reflector. The antenna type-III has 

good reflection coefficient compared to ones in [18]-[27]. It is a good alternative to other arm shapes like bowtie 

CDA which have a wide impedance bandwidth as known compared to other shapes of the CDA [28]-[39], see 

Table 2 that summarizes the comparison between the proposed antennas and preceding works in the literature. 
 

 

Table 2. A comparison between the proposed antennas with previous works in the literature 

Ref. Antenna Size (λ0) Antenna’s Structure 
Structure -10 dB 

IBW GHz 

3-dB ARBW 

GHz 

Max Gain 

(dBi) 

[19] 1.05×1.05×0.24 Crossed dipole +Parasitic Loop Resonators 0.93 0.75 8 
[20] 1.1×1.1×0.28 Crossed dipole + Cross loop + Squared 

cavity reflector 

3.2 2.79 8 

[22] 1.04×1.04×0.26 Crossed dipole + Parasitic elements+ 
Conventional reflector 

1.41 1.23 7.2 

[23] 0.57×0.57×0.24 Crossed dipole + Dual squared cavity 

reflector 

2.8 2.5 8.5 

[26] 0.79×0.79×0.27 Crossed dipole + Simple single parasitic 

element 

2 1.7 8.2 

[28] 0.88×0.88×0.23 Crossed dipole + Squared cavity reflector 1.42 1.4 9.6 
[30] 1.1×1.1×0.4 Crossed dipole + bowtie dipole loaded with 

three of four sitparasitic 

3.82 4.07 8.6 

[32] Circular ground plane Crossed dipole +elliptical dipole +composite 
cavity 

2.05 1.87 9 

[33] 0.45×0.45×0.24 Crossed dipole + Conventional reflector 1.23 0.6 6.8 

Proposed I 0.78×0.18×0.27 Crossed dipole boomerang arms 2.75 0.47 7.4 
Proposed II 0.78×0.18×0.27 Crossed dipole boomerang arms + square 

cavity radiator 

3.42 1.74 8.3 

Proposed III 0.78×0.18×0.13 Crossed dipole boomerang arms + AMC 
reflector 

2.53 0.95 7.7 

 

 

3. DISCUSSION OF THE RESULTS 

To analyze and evaluate the performance of the proposed antennas a  high frequency structure 

simulator (HFSS) software from ANSYS Company was utilized. The HFSS relies on the finite element 

method FEM algorithm to analyze designs. As the electrical size of a structure increases, its time evaluation 

becomes larger and burden. The first step in the design is to make the antenna having good matching at the 

design frequency. A mechanism of the impedance matching is qualitatively, where the equivalent circuit 

model of the antenna is provided in Figure 4. The symbol 𝑌𝑖𝑛 characterizes the total input admittance of the 
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proposed antennas, 𝑌𝐴 means the antenna without the interlaced rectangular patches, whereas 𝐶1 and 𝐶2 

mean the parallel-plate capacitors as seen in Figure 5. 
 
 

 

 

 
  

(a) (b) 

 

Figure 4. Equivalent circuit model of the 

antennas 

 

Figure 5. Structure of overlapped rectangular patch:  

(a) top view and (b) bottom view 

 

 

The capacitance of parallel-plate capacitors 𝐶1 and 𝐶2 can be considered when the density of 

electrical charge on the plates is uniform, and neglect the fringing fields at the edges. From Figure 5, the 

input admittance of the proposed antennas can be indicated by (1). 

 

𝑌𝑖𝑛 = 𝑌𝐴 + 𝑗𝜔(𝐶1 + 𝐶2) ≈  𝑌𝐴 + 1 
2𝑗𝜔𝜀𝑟𝜀𝑜 𝑊𝐿1

ℎ
           (1) 

 

The approximation is derived from the small slot on the rectangular bottom patch that reduces the 

overlapping area of the condensers of the two parallel plates. It is shown in (1) that the rectangular patch 

width W and length L1 define the antenna input admittance Yin. Therefore, these two parameters can be 

tuned to the impedance characteristic of the antenna to achieve a good impedance. 

The simulated |S11| -10 dB IBW and 3 db-AR results of the antenna type-I are presented in Figure 

6(a). Firstly, as can be seen, we see the wideband impedance bandwidth of this antenna and also have an 

acceptable CPBW without loading any parasitic elements or doing any enhancement. It was about -10 dB 

IBW of 42.47% (5.1-7.85 GHz) and the 3 dB ARBW of 7.72% (5.85-6.32 GHz). In addition to that, the 

simulated gain was about 7.4 dBi with efficiency of 97.37%, and the overall size is about (0.78×0.78 

×0.27𝜆0).  

Then, the CDA with square-box cavity is analyzed where the back-lobe radiation is highly 

attenuated. In other words, this structure can offer better back-lobe reduction compared to the CDA that has 

only sheet reflector (i.e., flat ground plane). This increase in the efficiency is primarily due to surface wave 

suppression and the blocking of diffracted waves along the edge of the ground plane, so, the antenna type-II 

introduces very good results with wideband impedance bandwidth where the -10 dB IBW of 50.37% (5.08-

8.5 GHz) and the 3 dB ARBW of 26.4% (5.72-7.46 GHz), as shown in Figure 6(b). The simulated gain was 

about 8.3dBi with efficiency of 97.65%. there is no change in the overall size. 

Finally,  the proposed antenna type-III is studied numerically to obtain its results. Before integrating 

the conventional CDA into the AMC, we should analyze and check the performance of the AMC layer. To do 

so, a single unit-cell is placed in a cavity structure to mimic its periodicity. This method aids to decrease the 

solution time and offers results close to the original structure. The AMC unit-cell can be modeled as an 

identical parallel resonator with a resonant frequency of f =1/(2π(LC)1/2), here C and L represent equivalent 

capacitance and inductance, respectively. The range of acceptable phases offered by the AMC is from -90° to 

90° [36]. Figure 7 shows the reflection phase of the AMC structure. For further analysis of the parameter 

effect on the reflection coefficient phase, complete numerical analysis of the AMC cell has been conducted 

by simulation software HFSS. As can be seen, this phase range can cover a wideband of frequencies.  

The overall 38.19% (5.36-7.89 GHz) and the 3 dB ARBW is about 15.16% (5.79-6.74GHz).  

The vertical size was reduced to half, thanks to the use of the AMC layer. It is clear that the IBW less than 

the IBW of the Antenna type-I due to the use of the AMC substrate martial. Generally, the AMC layer 

considers lossy type type because of its high permittivity but we can obviously see the enhancement in CPAR 

bandwidth, as shown in Figure 8.  
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(a) 

 

 
(b) 

 

Figure 6. Simulated results of the antenna reflection coefficient and AR: (a) type-I and (b) type-II 

 

 

 
 

Figure 7. Reflection phase of the AMC structure 

 

 

Figure 9 shows the simulated radiation patterns at 6 GHz in xoz-plane and yoz-planes. The patterns 

in xoz-plane are symmetrical to those in yoz-plane. The antenna generates unidirectional CP patterns in a 

boresight direction. The right-hand circular polarization (RHCP) is higher than the left-hand circular 

polarization (LHCP), generating exceptional RHCP radiation. 
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Figure 8. Simulated results of the antenna reflection coefficient and AR type-III 

 

 

 
 

(a) (b) 

 

 

 
(c) 

 

Figure 9. Simulated radiation pattern of the proposed CP CDA antenna at 6 GHz: (a) type-I,  

(b) type-II and (c) type-III 

 

 

4. CONCLUSION 

The proposed printed cross dipole antennas with new graceful arm’s shape, consist of a pair of 

driven crossed boomerang dipoles that gives wideband circularly polarized (CP) cross-dipole antennas. It 

proposed three antennas, the best simulation results indicate for antenna III, that exhibits wideband CP 
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characteristics with an impedance bandwidth (IBW) of 50.37% (5.08-8.5 GHz) and axial-ratio bandwidth 

(ARBW) of 26.4% (5.72-6.46 GHz) for cavity reflector. This antenna gave a good IBW and and gave the less 

length arm comparing with all others proposed CDA. So, the antenna has been more compact, this merit it 

will be very useful in array antenna by reducing mutual coupling and increasing the gain in antenna arrays.  
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