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ABSTRACT                                                                                                         

The goal of this work is to create a new patch antenna array 

with a standard gain, broadband, unidirectional radiation 

pattern, and high efficiency, making it a viable contender for 

millimeter-wave wireless applications. This study begins with 

a simple single-patch antenna that has four key components 

to provide effective matching and a wide impedance 

bandwidth: elliptical lateral edges, vertical stubs, slots 

expressed in concavity, and notches. The ground plane was 

defect-free, and the patch was printed on a Rogers RT5880 

substrate. The performance of the proposed antenna can be 

improved using array topologies of 1×2 and 2×2 patches, for 

which a corporate feed network was built for excitation. The 

suggested 2×2 array antenna with a compact size of 18x16.1 

mm2 achieved a gain of 13.8 dB, 92% efficiency, a return loss 

of-34.8 dB, and an ultra-wide bandwidth of 12.2 GHz 

(ranging from 39.9 to 52.1GHz) at a resonant frequency of 

43.2. It’s a novel compact 2×2 array antenna appropriate for 

miniature devices is suggested using CST studio software, 

which gathers all qualities together, including high-gain, 

radiation efficiency, and ultra-wideband. The planned antenna 

operating frequency range runs from 27 to 58 GHz, which 

encompasses multiple frequency bands, such as V, Q, and Ka.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
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1.  INTRODUCTION  

 

Micro-strip patch antennas are in high demand in wireless 

applications due to their low profile, lightweight, and low 

cost, as well as their ease of fabrication and integration [1]. 

Unfortunately, almost all micro-strip antenna applications are 

restricted by major operational disadvantages, including low 

efficiency [2]. Low power gain, narrow bandwidth, and a 

decrease in volumetric dimensions all resulted in an 

immediate decrease in bandwidth and efficiency [3]. 

Recently, the focus of studies is shifting to scaling back the 

shape factor of various sorts of antennas and keeping up 

satisfactory operating bandwidth and other performance 

characteristics [4]. Therefore, the number of users is 

increasing, as is the volume and speed of data [5]. This is true 

for great flow applications such as high volume file 

transmission, HD video broadcast, laptops, smart-phones, 

controlling home appliances, sensor systems, wearable 

devices, cameras, and the fifth generation (5G) mobile 

technology. The relatively tight bandwidth and weak gain of 

micro-strip patch antennas limit their usage in some systems. 

Accordingly, expanding bandwidth has become the 

preoccupation of researchers. Most recent research has 

concentrated on increasing antenna bandwidth, with one 

example being the use of the millimeter-wave band (30–300 

GHz), where sufficient bandwidth exists to allow for very 

high-rate communication [6].  Recently, the millimeter-wave 

spectrum has enticed an excellent deal of attention from 

industry and global standardization institutions thanks to a 

variety of its favorable features for supplying high 

transmission data rates. However, mm-wave communication 

suffers from several propagation constraints, including high 

path loss and rain. Research on mm-wave antenna design in 

many applications such as 5G wireless communication [7], 

sensing, and security has become of interest. Many 

researchers worldwide have launched a series of studies about 

mm-wave micro-strip antennas [8, 9], but the disadvantages 

of weak gain and efficiency remain constraints. Therefore, 

there’s a requirement for designing array antennas [10-15] as 

one of the solutions to accomplish higher values of efficiency 

and gain to overcome the path loss resulting from atmospheric 

conditions. The use of array antennas aims to increase the 

directivity [16], the gain [17-19], and enhance other 

characteristics that would be difficult with simple antennas. 

Micro strip patch antennas (MPAs) have been  incorporated 

into a variety of applications, including radio-frequency 

identification (RFID) [20], and multiple -input multiple-

output (MIMO) systems [21], they have been the subject of 

numerous studies because they are considered core devices 

for wireless technology. On the other hand, they have a 

number of disadvantages, the most significant of which are 

low gain and limited bandwidth. 

As a result, numerous antenna researchers have made 

significant attempts to alleviate these limitations, such as by 
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increasing bandwidth: increasing the thickness of the 

substrate [22], using stub [23], negative capacitor/inductor 

[24], Non-Foster Matching Circuit [25], and defected ground 

structures [26], magneto-dielectric substrates [27], 

electromagnetic band-gap (EBG) structures [28], and meta-

material resonators [29], using fractal geometries [30], and 

cavity backing [31]. The ever-increasing demand for wireless 

applications that deliver high-quality content to a large 

number of users simultaneously has resulted in a massive 

increase in data volume, which has resulted in a spectrum 

shortage in the microwave band, causing networks to become 

congested.  To address this issue , researchers have moved to 

millimeter wave (30 GHz–300 GHz) usage, where we find 

some appealing applications, for example, allocated around 

60 GHz wireless digital data transfer between a high-

definition TV (HDTV) and a DVD player of uncompressed 

high-definition video, autonomous robots and back hauling 

allocated around 80GHz; and motion sensing at 100GHz. The 

mm-wave choice is appropriate for the main reason that mm-

wave systems have larger available bandwidth as compared 

to other communication frequencies below 10 GHz because 

of a metric called fractional bandwidth (for example, 

designing a system that occupies 5% of the operating 

frequency means having 5 GHz of available bandwidth at 100 

GHz) and it is well-known that the larger bandwidth enhances 

the channel capacity. The losses caused by electromagnetic 

wave atmospheric absorption at higher frequencies remain 

constraints for millimeter wave applications. Therefore, 

antenna arrays come as a solution to accomplish higher gain 

and efficiency. For gain improvement, antenna arrays are used 

in [32–34]. This work aims to demonstrate the effect of array 

configuration on antenna performance.  

 

  2.  THE PROPOSED APPROACH  

To understand how an antenna works, it's necessary to look 

at its physical components, the characteristics and 

parameters that describe its behavior, and the model that 

must be used to evaluate it. Here's a quick survey on micro-

strip antennas: It can take numerous shapes, including 

dipole, square, triangle, circular, rectangular, and other 

more intricate configurations, but rectangular and circular 

are the most widely utilized since they are easy to analyze 

and build. A printed antenna is activated by a feed line, 

which implies that energy is delivered to the patch so that 

we can directly affect and adjust its radiation to achieve 

high performance. The substrate serves as a dielectric 

substance on which the circuits are etched, and the 

structure is supported by a mechanical portion. Low-

dielectric-loss substrates are widely utilized to increase 

antenna performance, and low-relative-permittivity 

substrates are regularly used to improve radiation while 

lowering losses. Ceramics, ferromagnetic materials, 

semiconductors, and synthetic materials are among the 

materials utilized as substrates. Patch geometry, excitation 

technique, substrate thickness, and dielectric constant are the 

primary determinants of antenna characteristics or 

parameters, which include reflection coefficient, directivity, 

gain, bandwidth, efficiency, and quality factors. A plan has 

been drawn to produce an antenna with the desired features of 

high gain and wide bandwidth. Figure 1 depicts the modeling 

process. The plan specifies the steps that must be taken to 

achieve the desired antenna. These steps represent three 

distinct stages that show how array configuration can be used 

to boost gain. The first stage begins with the selection of the 

substrate material, which is critical in the search for a high-

frequency antenna that is both efficient and effective. It's 

worth noting that we started with a square patch antenna and 

then modified the shape to improve the antenna's attributes, 

such as bandwidth and gain. The patch's dimensions are 

determined using the well-known theoretical formulas (1) to 

(5) as given below. The best results from the first stage are 

used to calculate the final results for the second stage, and thus 

the proposed 2×2 array antenna in the third stage. Following 

the completion of the needed findings, we must construct the 

antenna based on these findings; the design that emerges is 

the proposed antenna. The work is based on CST software 

computing and design.  

   

 2.1  Modelling Equations  
Patch size calculation process: 

-  calculation of the width: 
 

                             W =  
C

2fr√
(εr+1)

2 

                              (1)                                                                                                                       

c: Velocity of light in air.                                                                                                                                                                                                                                   

fr: operating frequency.     

εr: dielectric permittivity.                                                                                                                                                                                        

-  Calculation of length: 

Effective dielectric constant of the substrate:         

                  ∈ reff =
∈r+1

2
+

∈r−1

2√(1+
12h

W
)

                                (2)                                                 

 h:  Height of the substrate      

 Effective length:       

                

                 Leff = 
C

2fr√∈reff 
                                              (3)                                                                  

 Length extension: 

                      ∆L =  0.412 h 
(

w

h
+0.264) (∈reff + 0.3)

(∈reff−0.258) (
w

h
 + 0.8)

 

                           (4)       

                   L= Leff − (2 ∆L)                                         (5) 

  

The calculation procedure above is done using the 

transmission line model analysis. 

 

3.  DISCUSSION AND RESULTS 

3.1  Antenna with a Single Patch 
 

According to Figure 1 and as clarified in Figure 2, the 

proposed antenna design process in this work is initiated 

with a basic conventional design, consisting of a slotted 

rectangular-shaped patch with symmetric identical half-

ellipses located at the lateral edges; these elliptic shapes 

are the most sensitive parts of the antenna that directly  
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Figure 1:  Methodology of the work 
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affect radiation characteristics, we will discuss in the 

results section. The copper representing the feed line 

and the patch is etched on the upper surface of a Rogers 

RT 5880 substrate (Figure 3 a), with a thickness, 

relative permittivity, and loss tang of 0.8 mm, 2.2, and 

0.0009, respectively, while the ground plane is etched 

beneath the substrate (Figure 3 b), with a copper 

thickness of 0.035 mm. The patch contains small 

vertical stubs in the advanced part that appear to be a 

concavity; the lateral edges are semi-elliptic in shape, 

and they play an important part in the antenna's 

performance. To ensure impedance matching between 

the antenna and the feed line, a 50-ohm inset feed line 

approach is used. Because the antenna must be 

optimized to meet the desired performance 

characteristics represented in gain, bandwidth, and 

frequency of resonance, the lateral edges and the feed 

line width were then adjusted to be (Lp = 2.2 mm, Wp 

= 1.1 mm). The dimension results are detailed in Table 

1. The use of the inset-feeding approach at the feed 

line's center point, as shown above, seeks to provide 

maximum impedance matching between the strip-line 

feed and the patch. The breadth of the feed line, like 

the elliptical-shaped horizontal radius, has a significant 

influence on antenna behavior. The patch was split in 

front, generating a hollow that resembled a double 

vertical little stub, while the ground structure was left 

undamaged on the other side. (CST) software is used 

to optimize the size and dimensions that result. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2:  Antenna with a single Patch  
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                                                (b) 

 

Figure 3 Antenna with single patch (a) Geometry 

Dimensions, (b) Side view    

 

 

Table 1:    Dimensions of the antenna with a single patch 

 

 

 

 

 

parameters 

 

 

Values 

(mm) 

 

 

parameters 

 

 

Values 

(mm) 

 

Ws 7.5 Rx 0.18 

Wg 7.5 Ry 0.4 

Ls 6.4 a 0.1 

Lg 6.4 b 0.2 

Wp 1.1 c 0.58 

Lp 2.2 d 0.6 

Wf 0.16 e 0.6 

Lf 1.895 f 0.85 
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3.2    2×1 Array Antenna    

 

We expanded the array arrangement to two patches, as shown 

in Figure 4, to demonstrate the gain enhancement and since 

the array technique improves the antenna's behavior. 

Note that throughout the design process, except for the feed 

lines, we must maintain the previous results unaltered. After 

improving the radiating properties, the resulting antenna was 

determined to have a dimension of 15.8×7 mm2. Table 2 

describes the geometry of the obtained 2x1 array antenna 

model. S in Figure 4 denotes an inter-element spacing that has 

a significant impact on outcomes, and it was chosen for 

greater isolation between individual elements (patches).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure: 4  dimensions  of  2×1 array antenna 

 

 

 

Table 2:   dimensions of 2×1 array antenna  

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

3.3    2×2 Array Antenna  

 

The same approach is used in this design to obtain higher gain 

values and improve antenna performance. The previous 

stage's resultant antenna design is used as a fundamental 

element to build a 2×2 array antenna. This work's intended 

antenna is shown in Figure 5. Four patches are employed, 

each of which is fed by a corporate feeding network. The 

secondary direct feed line diameter was adjusted to ensure 

antenna impedance matching. As a result, the resultant 

antenna was able to achieve a promisingly tiny size (18 × 16.1 

mm2). The horizontal and vertical spacing lengths between 

elements are 6.74 mm and 9 mm, respectively, for S and S1. 

The dimension findings for the 2×2 array antenna are listed in 

Table 3.  
 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:    2×2 Array Antenna 

 

 

Table 3:    2×2 array antenna dimensions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

parameters 

 

 

Values (mm) 

 

Wf 0.26 

Lf 0.625 

Wf1 0.5 

Lf1 2.17 

S 6.44 

Ws1 15.8 

Wg1 15.8 

Ls1 7 

Lg1 7 

 

parameters 

 

 

Values (mm) 

 

Wf 0.26 

Lf 1.655 

Wf2 0.9 

Lf2 2.17 

S 6.74 

Ws2 16.1 

Wg2 16.1 

Ls2 18 

Lg2 18 

S1 9 
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The performance of every antenna is continually evaluated by 

monitoring the following parameters: return loss, gain, 

radiation efficiency, and impedance bandwidth. The data 

collected from the earliest to the last stages describe the 

performance of the antenna throughout the optimization 

process. The suggested antenna has more operational 

frequency bands than the first and second-stage antennas; in 

fact, multiband behavior implies more users and applications. 

The operating frequency ranges of the proposed antennas, as 

illustrated in Figure 6, range from 27 to 58 GHz and include 

various frequency bands such as V, Q, and Ka, whereas the 

single patch and 2×1 array antennas start at 36 GHz and 43 

GHz, respectively. We know that the reflection coefficient 

depends on the value of S11 and should be less than -10 dB in 

magnitude; Figure 6 depicts the return loss comparison 

obtained across the three stages, revealing that the 2×2 array 

antenna of interest has a return loss of -34.8 dB at 43.2 GHz 

with an ultra-wide bandwidth of 12.2 GHz and a return loss 

of -14.8 dB, -24.33 dB, and -25 dB at 28.3 GHz, 32 GHz, and 

57.5 GHz, respectively. As a consequence, it's evident that the 

gain might be enhanced if there were more patches. Figure 10 

demonstrates the gain improvement from a single patch to a 

2×2 array antenna. Based on the basic resonance frequencies 

of the three stages, we deduce that the frequency area where 

the antenna performs efficiently converges towards 43 GHz, 

which explains why the observed gain has reached 13.8 dB 

with 92 percent radiation efficiency at the resonance 

frequency of 43.2 GHz.  
 

 

Table 4:  Simulated results during the design stages 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Figure 6  Resulting reflection coefficient from the different stages   

 

By comparing the three stages according to Figure 6, we 

aimed to maximize the gain and efficiency as much as 

possible even if the improvement is a little weaker than 

expected. Figure 10 depicts the curve produced by the 

variation of gain as a function of frequency. The finalized 

design of the proposed antenna is deemed to have promising 

operating characteristics. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Design 

 

Resonant 

Freq (GHz) 

Realized 

Gain (dB) 

S11 (dB) 

 

BW 

(GHz) 

Radiation 

Efficiency % 

Single 

patch 

36.9 4.27 -19.3 2.52 82 

52.9 7.26 -36.8 3 93 

2×1 element 

array 

44.4 10.23 -15.5 3.65 94 

52.25 8.15 -43 7.2 87 

2×2 element 

array 

28.3 11.25 -14.8 0.92 92 

32 10 -24.33 1.47 93 

 43.2 13.8 -34.8 12.2 92 

 57.5 7.02 -25 3 94 
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Radiation is so important in determining most of the 

characteristics, including beam width, beam shape, and 

directivity. The polar pattern plots at various spot frequencies 

for the antenna during the design stages are depicted in Figure 

7. From the corresponding results (Table 5) of these figures, 

we conclude that the antenna keeps nearly stable directional 

radiation in E-plane or H-plane during the different design 

stages, and it achieves a high directivity at the frequency of 

43.2 GHz, represented by the lowest Half Power Beam-width 

(HPBW) of 25.5° in E-plane. To achieve satisfactory results, 

primary antenna radiation characteristics have been 

researched and improved. These findings are revealed in table 

5. If we look at each frequency band separately, we can see in 

Table 5 that the more patches we add to the antenna, the more 

directional it gets, which means a narrower HPBW and lower 

side lobe level (SLL). As an example, we can observe that the 

final 2x2 array antenna design gives us excellent radiation 
 

 

 

        Table 5: radiation characteristics results of all design stages 

 

 

 

 

                                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

characteristics as compared to a single and 2x1 array antenna 

near the operating frequency of 43.2 GHz, in terms of 

numbers, 25.5 ° against 72.8 ° for HPBW and -7.5 dB against 

-15.8 dB for SLL. In addition to what was said regarding 

HPBW and SLL, and as we are focused on the evolution of 

gain and efficiency, the same thing is noticed for 3D radiation, 

representing the realized gain in Figures 8 and 9, where the 

gain at a given operating frequency rises from stage to stage 

at this operating frequency. Figure 10 confirms this concept, 

especially around 43.2 GHz in a range of about 17 GHz. At 

this point, the gain achieved was 13.8 dB with 92% of 

radiation efficiency. All of this adds up to the array 

configuration's contribution to the optimization of radiation 

properties, notably gain. The array arrangement of patches 

provides a significant boost in the realized gain of more than 

3 dB, as well as efficiency and directivity. Imagine increasing 

the number of patches by the array configuration (2x2 and 

4x4…), what will become the realized gain? 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Design 

 

Resonant 

Frequency(GHz) 

Plane 

 
MLM  (dB) 

MLD 

(Degree) 

HPBW 

(Degree) 

 

SLL (dB) 

 

Single 36.9 E 4.27 9 75.5 -15.2 

patch  H 4.09 0 73.3 -15.4 

 52.9 E 7.26 10 50.5 -9.8 

  H 6.76 0 72.9 -16.7 

2×1 44.4 E 10.3 36 72.8 -15.8 

Element  H 7.11 0 23.9 -3.5 

Array 52.25 E 8.15 45 64.2 -5 

  H 2.34 48 43.7 -9.6 

2×2 28.3 E 11.3 8 33.4 -9.2 

Element  H 10.7 0 42.8 -19 

Array 32 E 9.92 26 34 -2.9 

  H -1.77 0 40.5 -2.3 

 43.2 E 13.8 39 25.5 -7.5 

       

  H 6.28 0 20.3 -15.1 

 57.7 E 6.53 50 20.2 -1.9 

  H 2 35 35.4 -7.2 
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                                                  (a)                                                    

 

 

 

 

 

 

 

 

 

 

                                               (b)    

 

 

 

 

 

 

 

 

 

 

 

Figure 8:  3D Radiation: (Antenna with single patch) (a) 52.9 GHz 

and (b) 36.9 GHz; (2×1 array antenna) (c) 44.4 GHz and (d) 52.25 

GHz  

 

 

 

 

 

 

 

 

 

 

 

Figure 9:   3D Radiation of 2×2 array antenna  (a) 28.3GHz  (b) 32 

GHz  (c) 43.2 GHz  (d) 57.5 GHz   

 

 

 

 

 

 

 

 

 

 

                                                   (c) 

 

 

Figure 7:  Realized Gain Radiation for: (a) Single Patch Antenna,  

(b)   2×1 Array and  (c) 2×2 Array Antenna; (left) H-magnetic field 

plane,  (right) E-electric field plane 
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In addition to bandwidth, antenna gain is a key statistic for 

determining how well an antenna transmits and receives radio 

frequency (RF) signals. As shown in Figure 10, the proposed 

four-element array performs better in terms of gain, as 

evidenced by the fact that average and peak gains increase as 

the number of patch elements increases. 

To follow the evolution of the efficiency during the different 

stages, we refer to Figure 11, precisely the operating 

frequency bands belonging to the resonance frequencies of 

28.3 GHz, 32 GHz, and 57.5 GHz, and when compared to the 

other two antennas (single and 2x1 array), we notice that the 

proposed 2x2 array antenna has the highest value over the 

whole bands, except for the band corresponding to the 

resonance frequency of 43.2 GHz, where the proposed 

antenna is more efficient over a part of the band interval 

frequency (46.5 to 52 GHz), whereas the 2×1 array antenna is 

more efficient over the rest of the band. The increase in gain 

and bandwidth was mostly attributable to the optimal value of 

several design factors.  As pointed out in the design section 

regarding the responsible part that significantly effects 

radiation characteristics, including gain and efficiency, now 

and in this context, it is necessary to explore the impacts of 

important design factors on the resonance performance of the 

proposed antenna. Figure 12 provides a more illustrated 

understanding of the purpose behind the usage of stubs, 

concavity, elliptic-shaped sides, and notches.  Figure12 shows 

that the elliptic-shaped lateral edges on both sides of the patch 

are the primary players in antenna performance or radiating 

power. As can be observed, current flows are more dominant 

and concentrated near the stated spots. In addition to the major 

role of the elliptic-shaped lateral edges in radiating at 36.9 

GHz, as shown in Figure 12 a, the stubs in the front at 52.9 

GHz in Figure 12 b, also contribute to radiating, but with a 

little less where their role seems minor. The reverse is true for 

the case of notches; this is translated by the amounts of current 

present on the surface of the patch described in Figure 12 a, 

b. The notches and concavity are important in the proposed 

antenna's multiband behavior as they perturb the current 

distribution on the patch and change the coupling between the 

patch and the ground plane; they also create additional current 

paths that change the direction of surface current flows along 

the radiating patch towards the vertical stubs and elliptical 

laterals. To evaluate the performance of the suggested 2×2 

array antenna, we have compared it to some recent works 

encompassing various frequency bands. This comparison is 

summarized in Table 4. In comparison to other antennas, our 

antenna has greater performance in terms of bandwidth, 

realized gain, and miniaturized size, in addition to its tiny and 

convenient fabrication. If given the opportunity, the suggested 

antenna may entirely cover the whole-mentioned 5G 

applications spectrum (27–60GHz), making it appropriate for 

a variety of applications needing high gain and large 

bandwidth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10:    Curves of realized gain   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11:   Radiation efficiency through the different stages 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                    (a)         H-field   phase: 160°         (b) 

 

Figure 12:  Simulated surface current distributions on single patch 

antenna   (a) at 36.9 GHz (b) at 52.9 GHz 
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Table 6:   comparison with various published works 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4.  CONCLUSION 

 

A high-gain, efficient, and low-profile 2×2 patch array 

antenna has been suggested during this work for millimeter-

wave applications operating at 28.3GHz, 32GHz, 43.2GHz, 

and 57.5GHz. The antenna was designed and improved by 

using a CST (Conception Simulation Technology) simulator. 

because of its superior performance in terms of gain, 13.8 dB 

(more than 12 dB across nearly half of the bandwidth, 

precisely between 40.5 and 45.5 GHz); efficiency, 92 percent; 

bandwidth, 12.2 GHz; small size, 1816.1 mm2; and narrower 

beam width, 20.3° at 43.2 GHz The 2x2 element array antenna 

responds to the required millimeter-waves applications 

features, including 5G. So, it can be considered a positive 

choice. The coming task is to upgrade it to a 4×4 and 8×8 

array antenna, by which we expect that we will further 

improve the efficiency and gain. 
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