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Abstract   Öz 

In this paper, we propose the design of a multi-layer high-

gain U-slot printed antenna array consisting of 2x2 

elements.The design consists of four layers: The first layer 

is a ground plane as a single-sided copper clad FR4. The 

second layer, made from PETG material, is introduced to 

enhance the bandwidth of the antenna. Microstrip antenna 

elements and feed lines are etched into the top segment of 

the third layer. The fourth layer is a directive structure used 

to increase the gain of the antenna array, which consists of 

8x8 64-elements microstrip patches separated by air gap 

from the main body. This parasitic layer is supported by 

four rods fixed to the third layer. According to the results, 

the simulated center frequency of the proposed design is 

2.61 GHz. The maximum gain simulated at 2.61 GHz is 12 

dBi, and the measured impedance bandwidth is 14.27%. 

Additionally, in this study, the fabrication and 

measurements of the presented antenna were carried out to 

validate the simulation results. Comparisons between the 

simulation and measurement data show good agreement in 

the S11 parameter and radiation pattern graphs. 

 Bu makalede, 2x2 elemanlardan oluşan çok katmanlı 

yüksek kazançlı U-yarık anten dizisinin tasarımı 

sunulmaktadır. Tasarım dört katmandan oluşmaktadır: 

Birinci katman, tek yüzü bakır kaplanmış FR4 

malzemesinden oluşan bir toprak düzlemidir. İkinci 

katman, antenin bant genişliğini artırmak için PETG 

malzemesinden yapılmıştır. Üçüncü katmanın üst 

segmentine mikroşerit anten elemanları ve besleme hatları 

kazınmıştır. Dördüncü katman, anten dizisinin kazancını 

artırmak için kullanılan yönlendirilmiş bir yapıdır ve bu 

yapı, ana gövdeden hava boşluğu ile ayrılmış 8x8'lik 64 

elemanlı mikroşerit yama elemanlarından oluşmaktadır. Bu 

parazitik katman, üçüncü katmana sabitlenmiş dört çubukla 

desteklenmektedir. Sonuçlara göre, önerilen tasarımın 

simüle edilmiş merkezi frekansı 2.61 GHz'dir. 2.61 GHz'de 

simüle edilen maksimum kazanç 12 dBi ve ölçülen 

empedans bant genişliği %14.27 olarak elde edilmiştir. 

Ayrıca bu çalışmada, simülasyon sonuçlarının 

doğrulanması amacıyla sunulan antenin üretimi ve 

ölçümleri gerçekleştirilmiştir. Simülasyon ve ölçüm 

verileri arasındaki karşılaştırmalar S11 parametresi ve ışıma 

örüntüsü grafiklerinde iyi bir uyum olduğunu 

göstermektedir. 

Keywords: Antenna array, High gain, Multi-layer, U-slot 

antenna 

 Anahtar Kelimeler: Anten dizisi, Yüksek kazanç, Çok 

katman, U-yarık anten 

1 Introduction 

High gain, small size and wideband antennas are frequently 

demanded in the wireless communication applications to 

improve the data quality and mobility. In this regard, 

microstrip patch antennas are preferred that they have 

advantages such as compact size, easy production and low 

cost compared to the conventional dipole antennas [1]. 

Microstrip patch antenna is a special type of printed antenna 

manufactured using methods similar to those used in printed 

circuits [2]. A conventional microstrip antenna consists of a 

substrate which has a certain thickness and dielectric 

constant on a ground plane and a conductive patch on it [3]. 

Alongside the advantages mentioned above, the microstrip 

patch antennas have also some disadvantages such as 

narrow bandwidth and low gain [4]. These disadvantages 

can be eliminated by design changes made on microstrip 

patch antennas [5]. Slotted structure used on microstrip patch 

antennas is one of such design changes [6]. Microstrip patch 

antennas designed by adding slotted structures have wider 

bandwidth by comparison with conventional microstrip patch 

antennas [7]. Microstrip antenna arrays generally consist of 

patch radiator elements on the same printed circuit board. 

Besides, it is well known that the gain can be improved by 

using antenna arrays which cannot be achieved with a single 

antenna element [8]. Antenna parameters such as gain and 

bandwidth in microstrip arrays can also be improved by 

modifications on the ground plane [9-12]. In order to improve 

the radiation properties, microstrip parasitic elements [13, 14], 

superstrate structures [15, 16], parasitic layer antenna arrays 

[17-20], and multi-layer antenna designs [21-23] are used. 

Also, in the antenna literature 3D printed antennas are 

frequently studied due to their advantages such as ease of 

https://orcid.org/0000-0002-7295-2970
https://orcid.org/0000-0002-3274-3402
https://orcid.org/0000-0002-0745-0165
https://orcid.org/0000-0003-1517-8090


 

 

 
NÖHÜ Müh. Bilim. Derg. / NOHU J. Eng. Sci. 2025; 14(3), 846-854 

G. G. Bulut Öner, A. M. Çayan, S. Başbuğ, Y. Altuncu 

 

847 

production, transportation cost, and alternative design 

possibilities in antenna manufacturing compared to classical 

antenna production techniques [24-26]. Many plastic 

filaments such as Conformal Polylactic Acid (PLA) [27], 

Polylactic Acid (PLA) [28, 29], Acrylonitrile Butadiene 

Styrene (ABS) [30, 31] and Polietilen Tereftalat Glikol 

(PETG) [32] are commonly used in 3D printed antenna 

technology. A 2x2 multilayer, broadband antenna array design 

is presented in [33]. In this study, by using  partially reflecting 

surface (PRS) and reactive impedance surface (RIS) 

structures, the bandwidth of the design is increased, less gain 

ripple is obtained and design miniaturization is achieved 

compared to the design obtained by using only RIS structure. 

A novel multilayer microstrip patch antenna array fed by 

substrate-integrated waveguide cavities is reported for Ku-

band applications [34]. A dual polarized aperture coupled 2x2 

antenna array is fabricated and measured in reference [35]. In 

[36] the design and fabrication of a stacked, circularly 

polarized 2x2 meta surface antenna array is realized. In the 

study given in [37], a 2x2 antenna array design with multilayer 

quasi-AMC superstrate and Fabry-Perot structure is presented. 

In this study, a high gain 2x2 elements multi-layer antenna 

array design is presented. Multi-layer geometry is designed to 

increase the bandwidth of the antenna array. With the usage of 

the PETG material, parameters such as gain and bandwidth 

can be increased compared to standard single-layer microstrip 

antenna arrays. By using PETG substrate produced with the 

help of a three-dimensional printer, antenna substrate with the 

desired infill and thickness can be produced and in this way, 

basic antenna parameters such as gain and bandwidth of the 

antenna design can be improved. An 8x8 64 elements of 

square microstrip patches are used to increase the gain. This 

design provides advantages such as ease of production, low 

cost, high gain, narrow beamwidth and compact profile. 

2 Antenna design and analysis 

2.1 Antenna array evolution process  

In this section, we outline the design stages of the final 

multi-layer 2x2 microstrip antenna array. The evolution 

begins with a single-layer U-slot microstrip antenna design 

operating at a frequency of 2.45 GHz. Following the success 

of the initial design and simulation, we proceed to the second 

stage, where a multilayer U-slot microstrip antenna design 

and simulation are conducted. The introduction of a 

multilayer structure aims to enhance the bandwidth and gain 

parameters of the previous design. In the third stage, we 

realize a multilayer 2x2 4-element microstrip antenna design 

to further improve the existing radiation parameters. Finally, 

the design process concludes with the addition of a parasitic 

layer to the 4-elements U-slot microstrip antenna array, 

resulting in increased gain compared to the previous stage. 

The design evolution process is illustrated in Figure 1. 

While carrying out the antenna design stages, traditional 

microstrip patch antenna design formulas [38] are used as a 

starting point and then the necessary size optimizations are 

carried out. The initial design formulas in question are given 

in Equation (1). 

 

 

Figure 1. The evolution process of the final antenna array 

design. 
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The design parameters for the single-element antenna are 

depicted in Figure 2, while the optimized values of these 

parameters for both single-layer and multi-layer antennas are 

detailed in Table 1. In the single-layer U-slot microstrip 

antenna design, an FR4 substrate with a dielectric constant 

(εr) of 4.15 and a substrate height (h) of 1.59 mm are chosen 

due to its several advantages, including low cost and easy 

fabrication. For the multi-layer U-slot microstrip antenna 

design, aimed to enhance the antenna parameters such as 

gain and bandwidth, a sandwich geometry consisting of three 

layers is utilized. The first and third layers comprise FR4 

substrate with a dielectric constant of 4.15 and a substrate 

height of 1.59 mm. Between these FR4 layers, a layer of 

Polietilen Tereftalat Glikol (PETG) material is inserted, with 

a dielectric constant of 2.62 and a thickness (t) of 3 mm. 
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Figure 2. Dimensions of single element U-slot 

rectangular patch antenna 

 

Table 1. Optimized design parameters of single layer and 

multi-layer U-slot microstrip antenna 

Symbol Parameter Value (mm) 

Single layer 
U-slot microstrip 

patch antenna 

Patch Width (Wp) 33.5  

Patch Length (Lp) 32.5  

Slot Width (Ws) 20  

Slot Length (Ls)
 20 

Slot Thickness (Wt) 1.5  

Feed Width (Wf) 3  

   

Multi-layer 

U-slot microstrip 

patch antenna 

Patch Width (Wp) 36  

Patch Length (Lp) 34.58  

Slot Width (Ws) 20  

Slot Length (Ls) 20 

Slot Thickness (Wt) 1.5  

Feed Width (Wf) 3  

 

In order to illustrate the contribution of each design stage, 

the reflection coefficient plots and realized far field gain 

plots to the corresponding design stage are presented in 

Figure 3 and 4, respectively. 

When the simulated reflection coefficient plots in Figure 3 

are examined, it can be clearly seen that the U-slot microstrip 

antenna with multi-layer structure exhibits a wider impedance 

bandwidth (%3.18) compared to the single-layer U-slot 

microstrip antenna (%1.55). Furthermore, it is observed that 

the 4-element U-slot microstrip patch antenna array design 

with a multi-layer structure demonstrates a much wider 

impedance bandwidth (%12.86) compared to the single-

element multi-layer U-slot microstrip patch antenna design. 

Finally, when the multilayer 2x2 U-slot antenna array is 

compared with the version with a parasitic layer added to this 

design, it is observed that the impedance bandwidth decreased 

to %11.49 and this layer which is added to increase the gain of 

the design also shifts the center frequency of the current design 

from 2410 MHz to 2610 MHz. 

 

 

Figure 3. Simulated S11 plots of single layer U-slot 

antenna, multi-layer U-slot microstrip antenna and multi-

layer 2x2 4-elements multi-layer antenna array. 

 

 

Figure 4. Realized far field gain (dBi) plots of single layer 

U-slot antenna, multi-layer U-slot microstrip antenna and 

multi-layer 2x2 4-elements multi-layer antenna array 

 

Considering the realized far field gain (dBi) plots given 

in Figure 4, it can be observed that the gain of the single-

layer U-slot microstrip antenna design with a center 

frequency of 2450 MHz increases from 4.37 dBi to 6.22 dBi 

with the multi-layer U-slot microstrip patch antenna design 

at the same operating frequency. Comparing the multi-layer 

single-element U-slot microstrip antenna design with the 

multi-layer 4-element U-slot microstrip patch antenna array 

in terms of gain, it is evident that the realized far field gain 

value rises from 6.22 dBi to 10.89 dBi. As the final stage of 

the design, the addition of a parasitic layer to the multi-layer 

4-element U-slot microstrip antenna array further increases 

the gain value of the current design from 10.89 dBi to 12 dBi. 
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The 2D radiation pattern plot of each design stage is given in 

Figure 5. 

 

 

Figure 5. 2D Radiation pattern plots of single layer U-slot 

antenna, multi-layer U-slot microstrip antenna, multi-

layer 2x2 antenna array, and multi-layer 2x2 antenna array 

with parasitic layer. 

 

2.2 Antenna array design  

The 2x2 U-slot microstrip antenna array design is carried 

out after the successful design and simulation of the single 

element U-slot microstrip antenna. The distance between the 

antenna array elements is considered to adjust within 𝜆 and 

𝜆/2. If the distance is set to greater than 𝜆, grating lobes 

emerge on the radiation pattern. On the other hand, if the 

distance between the adjacent element is too lower than λ/2, 

it may cause undesired mutual coupling. 

The proposed 2x2 4-elements antenna array design 

consisting of four layers is given in Figure 6. FR4 material 

with dielectric constant of 4.15  and the thickness of 1.59 mm 

is used as the dielectric substrate material for Layer 1, Layer 

3 and Layer 4.  PETG material with the dielectric constant of 

2.62 and with the thickness of 3 mm is used as the dielectric 

substrate material for Layer 2. The three layers at the bottom 

are in contact with each other whereas the top layer is 

separated from the others by an air gap of 18.4 mm and is 

supported by rods made of PETG material. In this sandwich 

design, PETG material on Layer 2 is used to increase the 

bandwidth. An 8x8 elements of square microstrip patches 

printed on the FR4 material on Layer 4 are used to increase 

the gain of the array. Microstrip antennas are etched in the 

upper surface of Layer 3. The upper surface of this layer also 

contains the transmission lines. A detailed version of 

transmission line structure used in the design is given in 

Figure 6. These transmission lines consist of 50Ω and 100Ω 

lines and 70.71Ω quarter wavelength (λ/4) converters in 

order to eliminate the impedance mismatches. The quarter-

wavelength transformers and transmission lines are initially 

designed by using the basic design formulas on a single-layer 

array and subsequently the whole array design is optimized 

by considering the multilayer structure. The initial design 

formulas for the antenna array implemented with quarter-

wavelength transformers are provided in Equation (2). 

 

 

Figure 6. Microstrip antenna array transmission line 

structure. 

 

𝑍𝑖𝑛 = 𝑍1

𝑍𝐿 + 𝑗𝑍1 tan 𝛽𝑙 

𝑍1 + 𝑗𝑍𝐿 tan 𝛽𝑙 
 (2.a) 

 

𝑍𝑖𝑛 =
𝑍1

2

𝑍𝐿

 (2.b) 

 

𝑍1 = √𝑍0𝑍𝐿 (2.c) 

 

In Equation (2.a), 𝑍𝑖𝑛 represents the input impedance 

observed at the matching section of the microstrip line when 

𝑍1 denotes the characteristic impedance of the λ/4 long 

transmission line. 𝑍𝐿 represents target load impedance to be 

matched. At the design frequency impedance matching is 

achieved when the electrical length of the matching section 

is λ/4. In this equation 𝛽𝑙 = (2𝜋/𝜆)(𝜆/4) = 𝜋/2. To 

simplify this equation we can divide the numerator and 

denominator by tan 𝛽𝑙 and take the limit as 𝛽𝑙 → 𝜋/2 to get 

Equation (2.b). Considering the case of no reflection in the 

microstrip line (Γ = 0 ) the condition  𝑍𝑖𝑛 = 𝑍0 must be 

satisfied which yields the characteristic impedance 𝑍1 which 

is given in the Equation (2.c) [1]. The distance between each 

antenna element is adjusted to be 0.49 λ0 horizontally and 

0.33 λ0 vertically to achieve maximum gain. Each antenna 

element is designed as a U-slot antenna and the whole 
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antenna array design operates at the center frequency of 2.61 

GHz. The lower face of the FR4 material in Layer 1 is 

employed as a ground and the entire array is coaxially fed 

from a single point as shown in Figure 7. 

 

 

Figure 7. Exploded perspective view of 2x2 4-elements 

antenna array. 

 

2.3 Parasitic array design and optimization 

The parasitic layer in layer 4 is etched onto the bottom 

surface of an FR4 dielectric substrate, while the top surface 

of this dielectric substrate is completely etched. Square 

parasitic elements with a side of 10 mm (less than 0.1 λ0) and 

periodicity of 5 mm (less than 0.1 λ0) t are used while 

designing the parasitic layer. The parasitic square patch 

antenna array is initially designed to consist of 2x2 elements, 

then the design process is finalized to 8x8 elements in order 

to increase the gain of the antenna design. In this design 

process, from 2x2 elements to 8x8 elements, the distance of 

the parasitic layer to the antenna layer is optimized as h=5 

mm, h=10 mm, h=15 mm and h=20 mm in order to obtain 

the highest gain. The flow diagram of the design process is 

given in Figure 8.  

 

 

Figure 8. Parasitic layer evolution process. 

 

The S11, realized far field gain and 2D radiation pattern 

plots at the center frequency of each step are given in Figure 

9. 

 

Figure 9. The S11, realized far field gain and 2D radiation 

pattern plots at the center frequency of each design step. 

 

When the graphs of each design stage given in Figure 9 are 

examined, it is observed that the center frequency and gain 

values change depending on the number of parasitic elements 

and the distance of the parasitic layer to the antenna layer. 

Considering each design step, it is seen that the highest gain is 

generally obtained when the distance from the parasitic layer 

to the antenna layer is h = 15 mm. In the final design, the 8x8 

parasitic array design, this optimal height of 15 mm is 

optimized to obtain the highest gain again and the distance 

from the parasitic layer to the antenna layer is finally designed 

to be 18.4 mm. Figure 10 provides a detailed representation of 

the final parasitic layer design consisting of 8x8 square patch 

elements. 

 

 

Figure 10. Top view of parasitic patch array. (Wprs=130.4 

mm, Lprs= 136.04 mm, Wpp= 10 mm, Lpp=10 mm, S=5 

mm). 
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3 Results and discussions 

3.1 Simulated results  

The design and simulation of the multilayer U-slot 

microstrip patch antenna array are performed by using 

Comsol 6.0 software with RF Module. Two illustrations of 

the antenna array structure are given in Figure 11.  

 

 

Figure 11. (a) Perspective and (b) side view of the proposed 

antenna array. 

 

After the simulations, it is seen that the designed antenna 

has center frequency with the level of -22.75 dB at the 2610 

MHz. Simulated reflection coefficient plot of the array is 

shown in Figure 12. 

 

 

Figure 12. Simulated and measured S11 plot of the four 

elements array 

 

The maximum gain of the 2x2 U-slot antenna array in the 

sandwich structure is measured as 12 dBi at the frequency of 

2610 MHz. The designed antenna has a -10dB impedance 

bandwidth of %11.7 between 2390 MHz and 2690 MHz. The 

surface electric field distribution in the center frequency of 

the current design is given in Figure 13. The 2D and 3D 

radiation patterns of the designed antenna are given in Figure 

15. The half power beamwidth is about 40° for both 

simulation and measured radiation patterns as shown in the 

same figure. 

 

 

Figure 13. Surface electric field distrubition 

3.2 Experimental results 

A prototype of the proposed antenna design in this study 

is exhibited in Figure 14. In the manufactured antenna array, 

FR4 dielectric substrate material is used for the three layers. 

The dielectric substrate composed of PETG material in 

Layer 2 is fabricated using a 3D printer. FR4 material is used 

as the dielectric material to print the 2x2 U-slot antenna array 

and parasitic layer. The parasitic layer of the antenna array is 

isolated from Layer 3 by an air gap and supported with the 

help of rods made of PETG material. 

 

 

Figure 14. (a) Photographs of 2x2 antenna array layer, (b) 

radiation pattern measurement and (c) complete structure of 

proposed antenna 

The reflection coefficient plot of the manufactured 

antenna array is measured by Rohde Schwarz ZNLE3 Vector 

Network Analyzer. The measured S11 plot compared with 

simulation results is given in Figure 12. When the plot of the 

measurement results given in Figure 12 is compared with 

that of the simulation results, it is observed that the measured 
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and simulated S11 plots are in a harmony. The -10 dB 

impedance bandwidth is obtained as %14.27 according to the 

measurement results. Since the achieved impedance 

bandwidth covers 2.4 GHz ISM band, the proposed antenna 

design is suitable for the ISM band applications. The 

comparison of the simulated and measured radiation patterns 

is given in Figure 15. 

 

 

Figure 15. Simulated and measured co-polarization and 

cross-polarization radiation patterns of proposed antenna 

array in xz-plane 

When the simulation and measurement results given in 

Figure 15 are evaluated, it is seen that results agree well. A 

maximum gain of 12 dBi is obtained with the simulated 

antenna array. Table II gives parameter comparisons of the 

proposed antenna with the multilayer antennas from the 

literature. The compared parameters in the table are electrical 

size, gain, impedance bandwidth, radiation efficiency and 

complexity. 

It is clear from Table 2 that the designed and 

manufactured antenna in this study has the second smallest 

ground plane electrical size when it is compared with the 

given studies from the literature. Although the peak gain 

achieved in [33] is vaguely higher but it has bigger electrical 

ground plane size compared to our proposed antenna design. 

Similarly, while the antenna design in this paper exhibits 

lower gain compared to [34], it features a smaller ground 

plane electrical size and better radiation efficiency. The 

study reported in [35] has wider impedance bandwidth and 

smaller electrical size compared to proposed work but has 

lower gain. The antenna design having widest bandwidth in 

Table II is achieved in [36]. However, it has larger electrical 

ground plane size than that of the proposed antenna in this 

work also has the characteristics of lower antenna gain and 

radiation efficiency compared to this work. The antenna 

presented in [37] achieves a gain of 17.6 dBi which is better 

than that of our antenna design. Nevertheless, it has a 

narrower bandwidth and has larger ground plane dimensions 

in terms of the electrical sizes than the proposed design in 

this study also has a complex design. 

4 Conclusion 

In this study, a multi-layer, high-gain, 2x2 U-slot 

microstrip patch antenna array is designed, fabricated, and 

tested. The prototype measurements are in good agreement 

with the simulation results. Based on the measurement data, 

the proposed antenna has center frequency at 2.648 GHz. At 

2.610 GHz, the array achieves a simulated maximum gain of 

12 dBi and a radiation efficiency of 94.1%. The measured -

10 dB impedance bandwidth is 14.27%, which covers the 2.4 

GHz ISM band. This work demonstrates that the proposed 

antenna array offers high performance with a wide 

impedance bandwidth, making it suitable for various 

wireless communication applications. Potential 

improvements for future studies could involve altering the 

shape and number of the patch elements in the parasitic layer 

or adding extra layers to further optimize the antenna's 

performance. These modifications could result in an 

increased bandwidth, higher gain, and potentially enable 

multi-band operation, thereby broadening the antenna's 

potential applications. 

 
Table 2. Performance comparison of the proposed antenna and the other antennas 

Reference 
Antenna 

Type 

Size 

𝜆0x𝜆0x𝜆0 

 

Frequency 

(GHz) 

Impedance 

Bandwidth 

Gain 

(dBi) 

Radiation 

Efficiency 

Number of 

Layers 
Complexity 

33 
2x2 

Antenna 

Array 

1.55 x1.55x0.11 5.85 
%24.3 

5.14 GHz- 6.56 

GHz 

12.5 NG 2 Moderate 

34 
2x2 

Antenna 

Sub Array 

1.4x1.4x0.161 

 
12 %17.8 12.4 %85 3 Moderate 

35 

 

2x2 
Antenna 

Array 

0.98x0.98x0.047 2.45 %36.3 
8.3 

dBic 
NG 2 Moderate 

36 
2x2 

Antenna 

Array 

1.374x1.374x0.078 5.35 
%97.2 (2.75 

GHz-7.95 GHz) 
10.8 %88.5 2 Moderate 

37 
2x2 

Antenna 

Array 

6.68x6.68x0.837 20.02 
%5.9 

19.6 GHz-20.8 

GHz 

17.6 

 
NG 3 Complex 

This Work 
2x2 

Antenna 

Array 

1.16x1.202x0.231 2.648 %14.27 12 %94.1 4 Moderate 

* 𝜆0 is free space wavelength at the center frequency. **NG: Not Given. 
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