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1. Introduction 

The development of wireless microwave components has 

surpassed that of the available communication systems over the 

past decade. By exploiting the present in-place network (3G 

network), 4G LTE technology has integrated a multitude of 

commercial services with high data rates, speed connectivity, 

and throughput. However, with the highly demanding 

intelligent services and new applications, this vast upgrading 

brings various challenges with the current available bandwidth 

that limit the requirement for an advanced wireless network. 

Thus, the new fifth generation is emerging [1],[2]. For 5G 

mobile communications, the 3 GPP (Third Generation 

Partnership Project) has introduced several fifth-generation 

bands, including low frequencies below 1 GHz, mid 

frequencies (sub-6 GHz), and millimeter-wave (mm-wave) 

frequencies above 24 GHz. The accessible spectrum within the 

mm-wave band is a great option to meet the requirements of the 

future 5G and beyond applications, given the limited supply of 

frequency spectrum below 6 GHz bands and the need for 

increased data rates. 

Nevertheless, there are a few significant restrictions on this 

useful spectrum, including signal fading, atmospheric 

absorptions, and path loss attenuations. The aforementioned 

constraints are required to be overcome for wireless 

communication systems to operate more efficiently. In order to 

mitigate the limitations at mm-wave frequencies, an array made 

up of numerous antenna elements spaced optimally apart can 

produce a high gain, wide bandwidth, and respectable radiation 

pattern characteristics [3]-[6]. Accordingly, the design of a 

compact, simple, high-gain, wide-bandwidth, and high-

radiation-efficiency antenna array is becoming a challenge to 

antenna designers.  

A four-planar antenna array operating from 25.5 GHz to 29.5 

GHz with a high gain of 10.2 dBi was presented in [7]. In [8], 

an antenna with a high gain of about 17 dBi was designed based 

on a multi-layered (four-layer) antenna element. A substrate 

integrated waveguide (SIW) based 4-element antenna array was 

introduced in [9]. Two dielectric resonators were located on an 

H-shaped slot etching from the top of the metal layer. In [10], a 

four-element antenna array based on a magneto-electric dipole 
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antenna was exhibited. For gain and bandwidth enhancements, 

a meta-lens based on three split-ring resonators (SRRs) layers 

was employed. The antenna can work on a wideband range of 

frequencies, which is between 26.5 GHz and 38.3 GHz, with a 

high gain of 15 dBi. In [11], a four-element patch antenna array 

was suggested, where an electromagnetic bandgap (EBG) and 

dielectric superstrate were used for gain improvements. An 

ultra-wideband (UWB) multilayer antenna array design was 

presented in [12]. The bandwidth is in the range of 57 GHz to 

71 GHz, and a gain of about 13.9 dBi was achieved. The design 

is based on an SIW configuration with several symmetric vias 

included. A four-element antenna array design based on a T-

shaped antenna element was introduced in [13]. The antenna 

system operates within a bandwidth of 25.5 GHz to 30 GHz 

with a gain of 11.5 dBi. Although the antenna designs 

mentioned above have reasonable bandwidth and high gain, 

they are either complex structures or bulky configurations. 

A simple, compact microstrip phased array antenna (PAA) was 

proposed in [14]. The antenna system operates at 28 GHz with 

a bandwidth of 1.7 GHz. In [15], a compact-sized antenna array 

design based on a multilayer coplanar waveguide was 

suggested. The proposed array operates at approximately 28 

GHz with a 2 GHz bandwidth and has a gain of 11 dBi. In [16], 

a PAA system with 6 GHz bandwidth around 29 GHz and a gain 

of 13 dBi was offered. The antenna element was designed based 

on an open slot PIFA incorporated with the handset body. A 

PAA design based on two different antenna configurations was 

presented in [17]. The suggested four-element PAA system 

considered a quarter-wavelength notch and an aperture-coupled 

rectangular patch. Despite having compact sizes and relatively 

simple structures, the antenna designs mentioned above offer 

limited operating bandwidths. High data rate (gigabits per 

second (Gbps)) communication has only been possible with 

antenna systems owning a very large bandwidth. Furthermore, 

The ITU has offered numerous mm-wave bands for multi 

standard and various applications of communication systems, 

such as 26.5–29.5 GHz (Korea), 24.25– 27.5 GHz (EU), 26.5–

27.5 GHz (Sweden), 27.5–28.35 GHz (USA), 25.3–27.5 GHz 

(China), 37–43.5 GHz (USA), and 27.5–28.28 GHz (Japan) [4]. 

So, a very wide bandwidth is inevitable for future 

communication systems. In addition, high-performance 

radiation characteristics of high gain with a simple structure and 

compact size in antenna system design have been strongly 

requested. 

In this paper, an aperture-coupled rectangular microstrip patch 

antenna (ACRMPA) loaded with four parasitic rectangular 

microstrip patch antennas (PRMPAs) is introduced to realize an 

ultra-wideband antenna (UWBA) operating at mm-wave 

frequency band for modern 5G and beyond wireless 

communication systems. The proposed element was utilized to 

construct a 2×2 antenna array fed with a wideband, almost equal 

amplitude and phase microstrip corporate feeding network to 

enhance the overall antenna gain with uniform excitation to 

overcome the high path loss at millimeter frequencies. The 

suggested antenna array exhibited an impedance bandwidth 

with reflection coefficient (S11) of better than -10 dB spanning 

the frequency range of 26.15 GHz – 38.6 GHz, occupying a 

relatively small footprint with an overall area of 10.2 mm × 10.2 

mm, making it an excellent candidate for modern mm-wave 

wideband applications and phased array structures. 

Furthermore, it achieves a low cross-polarization level and a 

good front-to-back ratio.     

2. Single Antenna Element Design  

An aperture coupling-fed patch antenna loaded with parasitic 

patches is proposed and designed to realize a UWB operation. 

The configuration of the single antenna element and its layers 

are shown in Fig.1 (a) - Fig. 1 (f). The proposed antenna 

element was designed and optimized using ANSYSEDT 

2022R1 full-wave simulator. It consists of four metal layers 

with three substrates. The two-aperture feeding metal layers, 

which are the bottom layers, are designed using Roger 

(RT/duriod 6006) substrate with an 𝜖𝑟 = 6.15, loss tangent = 

0.0019, and height of ℎ1 = 0.127 mm and ℎ2 = 0.508 mm, 

respectively. The size of the antenna substrate is 𝐿𝑠𝑢𝑏 = 5.1𝑚𝑚 

and 𝑊𝑠𝑢𝑏 = 5.1𝑚𝑚. The aperture coupling antenna is fed by a 

50 Ω microstrip feeding line with an open stub printed on the 

substrate and an aperture slot etched in the ground metal layer. 

The dimension of the microstrip feeding line is 2.54 mm, 

𝑊𝑓 =  0.187 𝑚𝑚, while the open stub dimension 

is 𝐿𝑠𝑡𝑢𝑏 0.46 𝑚𝑚. The dimensions of the aperture slot are 𝑊𝑠 =
0.261𝑚𝑚 and 𝐿𝑠 = 1.847𝑚𝑚. The rectangular patch primary 

antenna (third layer) is printed on the Roger (RT/duriod 6002) 

substrate with an 𝜖𝑟 = 2.94, loss tangent = 0.0012, and height 

of ℎ3 = 0.508𝑚𝑚. The size of the rectangular patch antenna is 

𝐿𝑝 = 1.92𝑚𝑚 and 𝑊𝑝 = 2.2𝑚𝑚, which is designed firstly 

according to the basic patch antenna in (1)-(4) to resonate at the 

center frequency of the operating bandwidth [18]-[22]. Width 

of the patch 𝑊𝑝 is calculated:  

Wp =
1

2fr √μ0 ε0
  

√
2

εr + 1
(1) 

Length of the patch 𝐿𝑝: 

Lp =
1

√
εreff    μ0 ε0

   
  

2fr
− 2∆L (2)

 

Effective relative permittivity 𝜀𝑟𝑒𝑓𝑓: 

εreff =
εr+1

2
+

εr−1

2
[1 + 12 

h

  wp
]

−
1

2
(3)       

Extension of the length ∆𝐿: 

∆L = 0.412h
(εreff + 0.3) (

wp

h
+ 0.264)

(εreef − 0.258) (
wp

h
 + 0.8)

 (4) 
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(a) 

 

(b) 

 
(c) 

 

 
(d)  
 

 
(f) 

 

Figure 1. Proposed antenna element (a) parasitic patches, (b) 

primary antenna, (c) feed and aperture layers, (d) antenna 

cross section, and (f) antenna exploded view. 

 

The fourth layer (upper layer) of the antenna element structure 

is loaded by four rectangular parasitic patches that enhance the 

impedance bandwidth; in addition to that, they improve the 

antenna gain effectively. These four rectangular parasitic 

patches are printed on the substrate, which has the exact 

specifications as the primary patch antenna substrate. The two 

patches located in the x-direction have the same size, which are 

𝐿𝑝𝑥 = 0.875𝑚𝑚 and 𝑊𝑝𝑥 = 2.02𝑚𝑚. The distance between 

the x-patches 𝑖𝑠 𝑑𝑥 =  2.6 𝑚𝑚. The other two parasitic 

patches placed in the y-direction have the same size, which are 

𝑊𝑝𝑦 = 0.807𝑚𝑚 and 𝐿𝑝𝑦 = 1.962𝑚𝑚. The distance between 

these parasitic patches is 𝑑𝑦  =  2.32 𝑚𝑚.  

The 50 Ω microstrip feed line is excited and coupled to the 

rectangular microstrip patch antenna through the coupling slot. 

For a typical narrow-band microstrip patch antenna, the patch 

size can be found using (1)-(4), the slot to operate as a coupling 

transformer, its length should be 𝐿𝑠 ≈ 0.5 𝜆𝑔, and the stub 

length of the feed line should be in the range of 𝐿𝑠𝑡𝑢𝑏 ≈
0.25 𝜆𝑔. On the other hand, making the antenna operate over a 

wide frequency range requires a significant modification of the 

typical antenna structure to provide multiple resonance modes 

that together can achieve an overall wideband operation. As a 

result, to realize such behavior, the patch antenna was loaded 

with parasitic patches with a superstrate as secondary radiators, 

resulting in a wide frequency band. A systematic design 

procedure is not found in literature due to the complexity of 

such a, problems, and researchers usually relyrely on full-wave 

simulators such as ANSYSANSYS, CST StudioStudio, and 

FEKO to tackle such difficulties.         
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The proposed antenna was simulated to evaluate its capabilities 

in terms of impedance bandwidth, gain, and radiation pattern. 

Fig. 2 demonstrates the simulated reflection coefficient where 

the proposed antenna achieved an 𝑆11 < −10𝑑𝐵 over the 

frequency range from 24.9 GHz to 39.25 GHz, realizing a 

fractional bandwidth of 44.7%. This significant bandwidth 

enhancement is attributed to the presence of the superstrate and 

parasitic patches that behave as additional resonators. This 

behavior can be observed by inspecting the S11 shown in Fig. 2, 

where at least two more resonance modes appeared at 34 GHz 

and 37 GHz, respectively.  

 

Figure 2. Simulated S11 of the proposed antenna. 

The simulated gain is shown in Fig. 3, where the proposed 

antenna realized a maximum gain of 7.2 dB at 36.1 GHz with a 

gain variation of less than 0.6 dB over the operating bandwidth. 

The gain improvement can be related to the configuration of the 

proposed antenna, where the rectangular patch can be 

considered as the driven element. In contrast, the parasitic 

elements form an array excited by the main radiator. Hence, a 

proper choice of the superstrate thickness and the size and 

location of the parasitic patches plays a crucial role in achieving 

the best frequency band and gain.     

 

Figure 3. Simulated gain of the proposed antenna. 

The radiation pattern of the antenna at two different 

frequencies, namely 28 GHz and 38 GHz, is illustrated in Fig. 

4 at the E-plane and H-plane, where the proposed antenna 

attained an x-polarized pattern. It realizes a cross-polarization 

discrimination of 56.5 dB and front-to-back ratio (F/B) of 14.6 

dB at 28 GHz in both E- and H-planes as depicted in Fig. 4(a) 

and Fig. 4(b), respectively. Moreover, the simulated radiation 

pattern at 38 GHz shows that the cross-polarization 

discrimination is better than 55 dB and F/B of 11.6 dB at 38 

GHz in both E- and H-planes as depicted in Fig. 4(c) and Fig. 

4(d), respectively. Aperture coupling excitation provides good 

isolation of spurious radiation and F/B ratio; furthermore, the 

size and distance of the x-directed and y-directed patches were 

optimized to minimize the cross-polarization level of the 

proposed antenna. As a result, the parameters 𝐿𝑝𝑥 ,  𝑊𝑝𝑥, and 𝑑𝑥 

differ from 𝐿𝑝𝑦 ,  𝑊𝑝𝑦 , and 𝑑𝑦 , respectively.     

 
(a) 

 

(b) 

 

(c) 
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(d) 

Figure 4. Simulated radiation pattern of the proposed antenna 

at (a) 28 GHz E-plane, (b) 28 GHz H-plane, (c) 38 GHz E-

plane, and (d) 38 GHz H-plane. 

3. Single Antenna Parameters Analysis 

The antenna parameters were tested to study their impact on the 

impedance bandwidth to determine the optimal values. The slot 

length (𝐿𝑠) was varied from 1.5 mm to 2.3 mm that resulted in 

significant variation of the 𝑆11 level especially at the lower 

frequencies where increasing 𝐿𝑠 leads to shift the first 

resonance mode toward lower frequencies while the upper 

frequency stays almost unchanged as shown in Fig. 5. 

Accordingly, the operating bandwidth can be enhanced by 

proper choice of 𝐿𝑠 while maintaining 𝑆11 below -10 dB. 

 

Figure 5. Impact of 𝐿𝑠 on 𝑆11. 

    The 𝑆11 level over the operating frequency band was affected 

as the stub length (𝐿𝑠𝑡𝑢𝑏) changed. Fig. 6 demonstrates the 

influence of 𝐿𝑠𝑡𝑢𝑏 on S11; it can be noticed from this figure that 

as 𝐿𝑠𝑡𝑢𝑏 increases, the S11 level decreases at lower frequencies 

while it increases at higher frequencies and vice versa; hence, 

𝐿𝑠𝑡𝑢𝑏 can be utilized to enhance the matching level within the 

operating band.   

 
Figure 6. Impact of 𝐿𝑠𝑡𝑢𝑏 on S11. 

 

Fig. 7 depicts the impact of the 𝐿𝑝𝑦 on the 𝑆11 of the proposed 

antenna. It mainly varies the impedance matching and the 

location of the resonance modes at upper frequencies, while at 

the lower frequencies, only the 𝑆11 level changes. As a result, 

𝐿𝑝𝑦 can be employed to control the upper limit of the operating 

frequency.  

 
Figure 7. Impact of 𝐿𝑝𝑦 on 𝑆11. 

 

Similarly, 𝑊𝑝𝑦 was varied from 0.4 mm to 1.2 mm to study its 

influence on 𝑆11, as depicted in Fig. 8, where increasing 𝑊𝑝𝑦 

improves the 𝑆11 level, but at the same time, the upper 

frequency limit is reduced significantly.     

 
Figure 8. Impact of 𝑊𝑝𝑦on 𝑆11. 

4. Feeding Network 

A UWB corporate feeding network based on one-to-four power 

division was proposed to distribute the power uniformly among 

the array elements. It splits the input power equally with the 

same amplitude and phase so that a bore-sight radiation can be 

realized over the operating bandwidth. The proposed feeding 

network was built to construct a 2×2 array as shown in Fig. 9. 

The feeding system and the distance between antennas were 
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optimized to obtain the desired radiation properties. It consists 

of four main components, i.e., microstrip lines, 900 bends, 

power splitters, and 𝜆𝑔/4 impedance transformers. A microstrip 

feed line with a characteristic impedance (Z0) of 50 Ω was used 

to excite the antenna array, followed by a λg/4 impedance 

transformer, and a T-junction power splitter, which divides the 

input power equally with 3 dB power division and zero phase 

difference. The width of the T-junction lines was the same as 

the 𝑊𝑓, realizing a 𝑍𝑖𝑛 = 25 Ω at the junction. In addition, the 

dimensions of the quarter wavelength were set to be 𝐿𝑔 ≈
𝜆𝑔

4
⁄  

at the center frequency, and 𝑊𝑔 was calculated to realize a 

𝑍𝜆𝑔
= √𝑍𝑖𝑛𝑍50Ω  matching the feeding line to the antenna 

impedance [23]. The dimensions of the 𝜆𝑔/4 transformer were 

𝐿𝑔 = 1.127𝑚𝑚 × 𝑊𝑔 = 0.37𝑚𝑚. The T-junction was then 

connected to two 50 Ω lines, where each was connected to a 

𝜆𝑔/4 line and a T-junction. Finally, four 50 Ω lines with 900 

bends were employed to excite the array elements. 

 

 
Figure 9. 1:4 Corporate feeding network. 

The feeding network was simulated over the operating 

frequency band to validate the power distribution from the input 

port (𝑃1) to the output ports (𝑃𝑖), where i≠= 1. Fig. 10 presents 

the 𝑆11 of the feeding network (𝑃1); it can be seen that 𝑆11 is 

almost below -10 dB over the frequency range from 25 GHz to 

40 GHz, which suits the operation of the proposed antenna. 

 
Figure 10. Simulated 𝑆11 of the feeding network. 

    By examining the amplitude and phase of the power 

transferred from the 𝑃1 to 𝑃𝑖 , it can guarantee uniform amplitude 

excitation to the antenna elements of the array with equi-phase 

distribution, generating maximum achievable directivity 

towards the boresight direction. Fig. 11 and Fig. 12 display the 

amplitude and phase distribution of the feeding network, 

respectively.   

 

Figure 11. Simulated S1n amplitude of the feeding network. 

 

Figure 12. Simulated S1n phase of the feeding network. 

After designing the feeding network, four antenna elements and 

the feeding network were combined to realize a 2×2 array to 

achieve high gain and desired radiation characteristics for UWB 

mm-wave wireless communication applications, as shown in 

Fig.13. The overall dimensions of the antenna array system are 

(10.2 mm × 10.2 mm). 

 

Figure 13. 2×2 Proposed antenna array. 
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The simulated reflection coefficient of the proposed 2×2 

antenna array is shown in Fig. 14. UWB performance was 

obtained spanning the frequency range (26.15 GHz - 38.6 GHz), 

realizing a frequency bandwidth of 12.45 GHz. This high range 

of bandwidth is highly sought for high data rates and covers a 

wide range of mm-wave applications in future wireless 

communication systems. It is worth mentioning that the 

reduction of the operating band of the array compared with a 

single element is attributed to the presence of the feeding 

network, where the quarter-wave length transformer operates 

perfectly in the vicinity of the center frequency. As the 

frequency deviates, the transformer's performance deteriorates 

gradually. Moreover, the impact of the mutual coupling 

contributes to such bandwidth reduction.  

 

Figure 14. Simulated 𝑆11 of the 2×2 antenna array. 

Fig. 15 presents the gain of the suggested antenna array system. 

High gain is achieved, which is between (9.5 dB and 13.2 dB). 

The maximum gain is 13.2 dB at 36.7 GHz, while the minimum 

gain is 9.5 dB at 26.6 GHz. As observed, high gain is attained 

to overcome the path losses in the mm-wave spectrum.  

 

Figure 15. Simulated gain of the 2×2 antenna array. 

    The radiation pattern of the 2×2 antenna array at two different 

frequencies, namely 28 GHz and 38 GHz, is illustrated in Fig. 

16(a)- Fig. 16(c) at E-plane and H-plane, where the proposed 

antenna attained an x-polarized pattern. It realizes a cross-

polarization discrimination of 37.6 dB and front-to-back ratio 

(F/B) of 12.8 dB at 28 GHz in both E- and H-planes as depicted 

in Fig.16 (a) and Fig. 16(b), respectively. Moreover, the 

simulated radiation pattern at 38 GHz shows that the cross-

polarization discrimination is better than 39 dB and F/B of 14.6 

dB at 38 GHz in both E- and H-planes as depicted in Fig.16(c) 

and Fig.16(d), respectively. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Figure 16. Simulated radiation pattern of the proposed 2×2 

antenna array at (a) 28 GHz E-plane, (b) 28 GHz H-plane, (c) 

38 GHz E-plane, and (d) 38 GHz H-plane. 

The 3-D radiation pattern of the 2×2 antenna array at 28 GHz 

and 38 GHz is illustrated in Fig. 17. 

 

(a) 

 

(b) 

Figure 17. Simulated 3-D radiation pattern of the proposed 2×2 

antenna array at (a) 28 GHz E-plane and (b) 28 GHz H-plane. 

Table 1 compares the proposed antenna array with the relevant 

antenna arrays operating within a similar frequency band. It can 

be noticed that the suggested antenna surpasses the relevant 

antennas in terms of operating bandwidth, except references [5] 

and [6], where the presented antenna outperforms these 

antennas in terms of gain. Moreover, it shows a better gain level 

than four-element arrays. Accordingly, the proposed antenna is 

a good candidate for future applications in 5G mm-wave 

systems.   

Table 1. Comparison of the proposed UWBA with the state-

of-the-art. 

Ref. 

Operating 

frequency 

(GHz) 

FBW 

(%) 

No. of 

elements 

Peak 

Gain 

(dBi) 

[1] 23.41-33.92 36.7 4 10.7 

[24] 26.3-30.7 15.5 4 8.71 

[6] 24.35-31.13 24.4 16 19.9 

[8] 26–45 53.5 4 12 

[9] 26-38.5 38.7 4 11.5 

This 

work 
26.15 - 38.6 38.5 4 13.2 

 

5. Conclusions  

This paper introduced a new ultra-wideband antenna with high 

gain and desirable radiation characteristics for the upcoming 5G 

and beyond wireless communication systems. An aperture-

coupled rectangular microstrip patch antenna loaded with four 

parasitic rectangular microstrip patch antennas was presented. 

The high coupling design between the aperture-coupled feeding 

and rectangular parasitic patches provides better impedance 

matching over UWB frequencies. The suggested antenna has a 

simple structure and compact size. To achieve high gain and 

anticipated radiation characteristics, the antenna element was 

applied to construct a 2×2 antenna array fed with a microstrip 

corporate feeding network. High gain was achieved, which is 

between (9.5 dB and 13.2 dB), to overcome the path losses in 

the mm-wave spectrum. The maximum gain is 13.2 dB at 36.7 

GHz, while the minimum gain is 9.5 dB at 26.6 GHz. UWB 

performance was obtained spanning the frequency range (26.15 

GHz - 38.6 GHz), realizing a frequency bandwidth of 12.45 

GHz. This high bandwidth range is highly sought for high data 

rates and covers a wide range of mm-wave applications in 

future wireless communication systems. Based on the attained 

results, it can be concluded that the proposed antenna is a great 

option for future generation wireless communication systems in 

mm-wave applications. The proposed antenna and feeding 

network can be modified to meet the requirements for various 

modern wireless communication systems, to name a few: 

MIMO antenna for 5G and beyond, Ka-band satellite 

communications, and active phased array antenna.     
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