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Abstract 

 This article presents the design, simulation, and analysis of a high gain, compact size, 

circularly polarized antenna array operating at 28 GHz frequency in response to the growing 

needs of 5G networks for small, low profile, high gain, and high-performance antennas.  Four 

identical square patch antennas with two truncated corners make up the antenna array.  The patch 

antennas are powered by a corporate feeding network, which also provides a wide axial ratio 

bandwidth and enhances the antenna gain.  Using Altair FEKO software, antenna simulations 

revealed an antenna gain of 20.4476 (13.1 dB) and a radiation efficiency of around 99%. The 

reflection coefficients (S11) were approximately -19 dB throughout a broad bandwidth from 

27.25 GHz to 31.75 GHz. Throughout the 27.7 GHz to 28.3 GHz bandwidth, the antenna axial 

ratio is less than 3dB. As per the outcomes of the calculations, the suggested antenna is 

appropriate for millimeter-wave communications, particularly for 5G applications that function 

at frequencies of 28 GHz. 
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1. Introduction 

5G networks are introduced worldwide as the new communication system that will 

essentially connect everyone and everything on the planet. Devices, objects, and even machines 

are included in this connection; consequently (to this connection), a significant frequency 

spectrum will be needed because of the enormous volume of traffic and high data rates produced 

by these new device connections. Millimeter waves should be considered for the operation of the 

5G systems to gain much more bandwidth to handle the huge volume of data traffic, as the 

current 5G wireless communication infrastructure is ill-equipped to handle this rapid growth in 

traffic demand. Because of the severe congestion in the frequency bands below 20 GHz, there is 

an inevitable shift to the upper part of the spectrum. 28, 38, 64 GHz are the main center 

frequencies for the millimeter waves used for the promising 5G cellular communications. 

Certainly, this frequency shift will add more challenges to the antenna designers to develop an 

antenna system that is strong enough to handle these necessary bandwidths. [1], [2], [3] 

A lot of work has recently gone into designing wideband, high gain, circular polarization 

antenna systems for 5G wireless networks that use the 28 GHz frequency range [4]. In [5] a 

circularly polarized antenna with a gain of 2.6 dBi, and an axial ratio of 3 dB has been obtained 
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from a triangular monopole antenna with a rectangular slotted ground plane. The antenna 

achieves return losses (S11) of less than -10 dB in the central frequency of 3.5 GHz with a 

bandwidth of 2 GHz. The Particle Swarm Optimization method has been adopted in the research 

[6] to obtain the optimal dimensions of an irregular six-edge polygon-shaped antenna. The 

proposed antenna shows left-hand circular polarization LHCP with an antenna gain of 2.88 dBi 

at 2.4 GHz resonant frequency, making it suitable for WLAN communications. A device-to-

device antenna has been proposed in [7], where it consists of a compact center disk loaded with a 

square loop structure. The antenna uses a 6.15 relative permittivity constant with a height of 1.5 

mm. LHCP has been achieved over the frequency range 27.3 – 28.6 GHz, making it suitable for 

5G mm-waves communications. A multilayer PCB structure has been adopted in [8] to 

implement a 2×2 truncated patch antenna array, where each patch antenna is excited via a slot 

coupled to a substrate-integrated gap. 4.3 substrate constant was used to build up the antenna. An 

impedance bandwidth of more than 6 GHz is obtained (the return losses less than -10 dB) by the 

proposed antenna from 22.2 GHz to 28.8 GHz, with an axial ratio of 3 dB over the range and a 

gain 11.53 dB. These results make the designed antenna suitable for 5G communications. The 

authors in [9] proposed an antenna array for low earth orbit (LEO) satellite communications. The 

proposed array is composed of 4 × 4 truncated patches printed on Rogers RT6006 material with 

dielectric constant εr = 6.15 and material thickness of 1.27 mm to be operated in 8.12 GHz 

frequency. The proposed array exhibits LHCP with a peak radiation gain of 15.5 dBi and an axial 

ratio of 3 dB over 700 MHz. A reflection coefficient is less than -10 dB over a bandwidth of 600 

MHz. A two-element patch antenna array is introduced in [10] with corner truncation and 

modified microstrip line and T junction. The antenna shows good response at 28 GHz resonant 

frequency with a maximum gain of 15.3 dB and 3 dB axial ratio over a bandwidth of 0.35 GHz, 

which proves that the antenna has a circular polarization attitude. A circular-shaped microstrip 

patch antenna is presented in [11], where it consists of two concentric circles with a radius of 2.5 

mm, and 1 mm printed on Rogers RT Duroid 5880 with Dielectric Constant (εr) equal to 2.2 and 

height of 0.5 mm. The proposed antenna shows triple band behavior at the resonant frequencies 

41, 47.4, and 54.4 GHz with a maximum gain of 9.82 dB (at 47.4 GHz) with a bandwidth of 222 

MHz. A 2×2 circular-shaped microstrip patch antenna array to be used for 28 GHz 5G mobile 

stations is introduced in [12]. The patch antenna array has circular polarization due to its circular 

shape; the patch elements are fed employing an inset-fed microstrip line. The proposed array 

shows -32 dB return losses at the resonance frequency 27.9 GHz with 12.7 dB gain and 700 

MHz bandwidth. A 1×2 antenna array based on a circular-shaped patch antenna is illustrated in 

[13]. The antenna array exhibits good performance in the 30 GHz resonance frequency with an 

approximate bandwidth of 1 GHz and a maximum gain of 9.125 dB. The antenna array uses an 

inset feed microstrip line to enhance the impedance matching. The authors in [14] proposed a 

new circular-shaped microstrip patch antenna with a tapered feeding technique. The antenna 

structure is loaded by capacitance loads by using slots in its structure. The proposed structure has 

a gain of 8.4 dBi and an axial ratio of 0 dB at the resonance frequency (28 GHz), with a 

bandwidth of 2 GHz. The antenna has pure right-hand circular polarization (RHCP) at the 

resonance frequency due to the 0 dB axial ratio. The design of a circular patch antenna with a 

coaxial probe feed technique is presented in [15]. The proposed antenna has been subjugated to 

many optimizations to get the proper feeding location. The antenna achieves –57 dB returns 

losses with a maximum gain of 7.56 dB. The design of a novel circular patch antenna with a new 
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cavity pattern is presented in [16], the antenna exhibits LHCP at the resonance frequency (28 

GHz), where the axial ratio is approximately 0.5 dB. A 7.3 dB has been achieved as an antenna 

gain with a reflection coefficient of -35 dB. In this paper, the design, simulation, and analysis of 

compact size, low profile, circular polarization, and patch antenna array are introduced. The 

designed antenna is based on a square patch antenna with truncated corners. The antenna is 

printed on 0.5 mm thickness Roger Duroid material with a permittivity constant of 2.2.  

This article's remaining sections are arranged as follows. The design process for the 

antenna (radiating patch, feed line, and array design) is presented in Section 2. For both single 

elements and antenna arrays, the antenna geometry and the intended parameters are explained in 

Section 3. In Section 4, the outcomes and accomplishments are discussed. In Section 5, the 

findings of this study are presented. 

2. Antenna Design Methodology 

The design methodology of the proposed antenna array is presented in this section 

divided into three partitions, which are: radiating patch element design, quarter-wavelength 

transmission line calculations, and the antenna array design procedure. 

2.1. Radiating Patch 

The radiating patch's design is one of the most important parts of creating an antenna 

array; typically, two parameters are used to create a standard radiating patch antenna: the patch's 

width and length. Equations 1 through 5 describe how the length and breadth are first determined 

using the theoretical formulas, and the optimal values are then obtained using the software's 

optimization process. [17] 
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2.2. Feed-Line 

An important factor influencing the input port's impedance and, consequently, the 

reflection coefficient S11 is the width of the feed line that transmits power from the input port to 

the radiating patch. The width and impedance of that transmission line can be calculated using 

the formulas in 6 and 7.[18] 
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Equation 8 can be used to compute the quarter wavelength microstrip line for impedance 

matching.; also see Fig. 1. [19] 

   √                                     (8) 

 

Figure 1 Impedance matching line with Quarter Wave length 

2.3.Antenna Array 

Since it affects the antenna gain, the radiating element spacing is the most crucial 

consideration when building an antenna array system.  The ideal distance between the patches is 

2λ, which will maximize the radiation gain; however, this distance will result in an antenna array 

that is quite large, which is not desirable.  To achieve a satisfactory trade-off between antenna 

size and gain, FEKO software has been used to perform numerous optimization processes.  This 

array will employ 0.665 λ mm as the spacing that offers this acceptable trade-off. 

3. Antenna Geometry and Design Parameters 

The first step in designing an antenna array system is the design of a single-element 

antenna that will be used in the array system as a standard structure. The radiating element is 

designed theoretically using the formulas in 1 through 8. Then the calculated antenna element 

will be modeled using FEKO software that uses the Method of Moment numerical method to 

estimate the design performance accurately, several optimization processes will be carried out to 

obtain the optimal dimensions that generate the desired response at the desired resonance 

frequency 28 GHz.   

3.1.Single Antenna Element 

The radiating antenna is constructed from a square patch with truncated corners (to 

achieve the circular polarization) printed on dielectric substrate material known as Roger Duroid 

with a dielectric permittivity constant of 2.2 and height of 0.5 mm. The antenna feeder is also 

designed and attached to the radiating element structure as shown in figure 2. Table 1, shown 

below illustrates all the dimensions of the antenna structure including the feeder line. These 

dimensions are calculated theoretically first, and then the modeled antenna based on these 

dimensions is optimized through the FEKO simulator to get the optimal values that yield the 

required response. 
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Table 1 Design parameters of single-element patch 

Antenna 

Design 

WP 

(mm) 

LP 

(mm) 

Wf1 

(mm) 

Wf2 

(mm) 

Lf1 

(mm) 

Lf2 

(mm) 

Tc (mm) 

Square patch 3.2853 3.2853 0.189719 0.44812 2.0499 2.0187 0.827315 

 

Figure 2 Single Antenna Element 

3.2.Antenna Array 

The radiating antenna element designed in section (3.1) will be adopted and utilized to 

design the required antenna array. The antenna array is demonstrated in Figure 3 shown below. 

Table 2 summarizes the dimensions of the proposed antenna array system.  

Wp 

Lp 

Tc 

Lf1 

Lf2 

Wf1 

Wf2 
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Figure 3 Structure of the antenna array system 

Table 2 Array system design parameters 

Proposed array Wax (mm) Lay (mm) Dax (mm) Day (mm) 

2×2 antenna array  11.8508675254 11.85086752552 5.2801300746 5.2801300746 

4. Results Analysis and Discussion 

The results of the proposed antennas are presented in this section, where return losses, 

radiation gain, axial ratio, and impedance bandwidth are illustrated for the proposed antennas. 

On the other hand, a comparison with previous works is also presented in this section.  

4.1. Reflection Coefficients 

Antenna performance can easily be examined using the return loss parameter (S11), 

where the return loss parameter measures the amount of the reflected power from the antenna 

radiating patch towards the input port. The lower S11 level indicates better antenna behavior. 

From the return loss graph vs frequency, useful information can be obtained, such as the 

operating frequency, and the antenna bandwidth. Figure 4 shown below illustrates the return loss 

of the single antenna element as well as for the antenna array. From the return loss vs frequency 

graph, it is clear that both antennas have good response at the 28 GHz resonance frequency, 

which proves that the design can be used for the 5G mm-wave mobile station. A single antenna 

element provides a bandwidth of 1.456 GHz, while the array provides 4.5 GHz, which means the 

antenna array exhibits wideband behavior.  

Day 

Dax 

Wax 

Lay 
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Figure 4 Return Losses graph 

4.2. Antenna Radiation Pattern 

The near field as well as the far field graphs illustrates the radiational pattern of the 

proposed antennas, and describe the way in which the antenna radiate the input power.  The 

radiation pattern graph contains a wealth of information about the antenna parameters, including 

antenna gain/directivity, axial ratio (AR), and half-power beam width.  Figure 5 shows the 

radiation patterns of a single antenna element and an antenna array.  

 

Figure 5 Antenna Gain 
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The single element has a low gain level (as shown in the figure) of around 3.5 dB with 

half power beam width of 83 degrees which is undesirable behavior, especially with 5G 

communications. On the other hand, the antenna array achieves 20 dB gain concentrated in 

beamwidth of 34 degrees, and this is a very good improvement. 

 

Figure 6 Axial Ratio Graph 

Also, the proposed antenna supports circular polarization, an essential feature for the 5G 

communication systems, where single antenna elements as well as the array system achieve less 

than 2 dB axial ratio in the resonance frequency which means that the proposed antennas operate 

in circular polarization purely. Circular polarization has been achieved in the designed antennas 

due to the cutting corners presented in the radiating patches. Table 3 provides a comparison of 

the proposed antenna array to similar past works. The table illustrates that the suggested antenna 

outperforms the other works in several aspects, including gain, HPBW, and bandwidth.  

Table 3 Proposed antenna vs. previous antenna similar works 

Reference 
Antenna size 

(mm×mm×mm) 

Antenna 

type 

Resonance 

freq. 

(GHz) 

Gain 

(dB) 

S11 

(dB) 

Bandwidth 

(GHz) 

Beamwidth 

(Degree) 

AR 

(dB) 

[12] 18.2×13.1×0.5 

2×2 

circular 

patch 

27.979 12.7 -32 0.7 36.2° 3 

[14] 6×6×0.13 
Circular 

patch 
28 8.4 -30 2 NA 0 

[16] 2.93×2.93×0.25 
Circular 

patch 
28 7.3 -35 1 NA 0.5 

[17] 17.16×61.97×0.8 

2×4 

Rectangle 

patches 

28 13.6 -40 3.53 30°–40° Linear 

[Present] 11.85×11.85×0.5 

2×2 

Square 

patch 

28.2 20.05 -19 4.523 34 ° 1.07 
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5. Conclusions 

This article introduces the design, simulation, and analysis of an antenna array composed 

of 2×2 planar patch antennas with corner cuts to provide circular polarization. The antenna array 

has been designed for 5G cellular communications systems. The proposed antenna achieves an 

axial ratio of less than 2 dB at the resonance frequency with a wide bandwidth of approximately 

4.5 GHz. The return losses achieved by the array system are around -19 dB and a radiating gain 

of 20 dB radiated with a relatively narrow beam width around 34 degrees. Finally, this part 

concludes that the proposed array is suitable for the use in the 5G communication networks due 

to the sepurior performance presented in the results above over the previos works. 
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ههائي مصفهفة من الرقع المربعة ذات الحهاف المقطهعة مدتقطب دائريًا واسع النطاق  تصميم وتحليل
 غيغاهرتز 82الترددي مخصص للاتصالات ذاة التردد 
 حيدر مازن مكي الإبراهيمي

 ، العراق20885قدم هشدسة الإلكترونيات والاترالات، كمية الهشدسة، جامعة القادسية، القادسية 
 hayder.mazen@qu.edu.iqمسؤلف السراسل:  البريد الإلكتروني ل

 الخلاصة 
                                                                                                     ت قدم هذه السقالة ترسيم ومحاكاة وتحميل لسرفهفة ههائيات ذات استقطاب دائري، مدمجة الحجم ومرتفعة الكدب، 

إلى ههائيات صغيرة، مشخفزة  (5G)                                                استجابة  لمحاجة الستزايدة في شبكات الجيل الخامس غيغاهرتز 50تعسل عشد تردد 
ن السرفهفة من أربعة ههائيات رقعية مربعة الذكل ذات زاويتين مقطهعتين. يتم                                                                                                                    الارتفاع، عالية الكفاءة وعالية الكدب. تتكه 

تعسل عمى تهفير عرض نطاق محهري  (corporate feeding network) ركزية تغذية الههائيات من خلال شبكة تغذية م
أن  Altair FEKO وتحدين كدب الههائي. أظهرت محاكاة الههائي باستخدام برنامج (axial ratio bandwidth) واسع

 %. كسا بمغت معاملات الانعكاس99ديديبل(، وكفاءة إشعاعية بمغت حهالي  1..1)ما يعادل  02...58كدب الههائي بمغ 
(S11) غيغاهرتز. أما ندبة السحهر 1.02.غيغاهرتز إلى  50.52ديديبل عبر نطاق ترددي واسع من  19-ي حهال (axial 
ratio)  غيغاهرتز. ووفق ا لشتائج الحدابات، فإن  ..50غيغاهرتز إلى  50.0ديديبل ضسن نطاق التردد من  .فكانت أقل من                                      

ا لتطبيقات الجيل الخامس التي تعسل عشد                                                    الههائي السقترح مشاسب تسام ا للاترالات في نطاق السهجا                                                           ت السميسترية، وخرهص 
 .غيغاهرتز 50تردد 
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