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Abstract
This paper presents a performance comparison of the circular patch unit cell as a unit cell for reflector application at 3.5 GHz frequency using a dielectric substrate between FR4 and F4BMX220 substrates. A circular patch is chosen as the unit cell of a reflector because it is commonly used, fabricated, and has a wider bandwidth compared to other structures. A performance comparison of the circular patch on both dielectric substrates is presented in a graph of S-parameters, reflection phase, and operating bandwidth, as well as in the table of dimensions, where the result is performed by simulation using CST software. Based on the simulated results, the F4BMX220 has a better performance compared to the FR4 in terms of the reflection value, operating bandwidth, and dielectric substrate thickness. However, a circular patch diameter when using the F4BMX220 is bigger than when using the FR4 substrate because the FR4 substrate has a higher dielectric constant than the F4BMX220, which is twice the F4BMX220 dielectric constant. Also, the F4BMX220 substrate has a narrower bandwidth compared to the FR4 substrate, which is a difference of around 0.1 GHz. The circular patch when using the F4BMX220 substrate has 0.96 of a reflection value, 0.007 of an absorption value, -6.77° of the reflection phase, and 0.24 GHz of the operating bandwidth at the normal incident wave angle (0°). Also, it can be properly worked if the incident wave angle is moving until 60°. The F4BMX220 substrate has the best performance compared to the FR4 substrate because the reflection value is much better value, even at the incident wave angle of 60.
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Introduction
Wireless communication technology is very important in modern communications, along with the development of digital platforms. It is recorded that users increase exponentially every year. Cisco's visual network index states that there will be 28.5 billion network users by the end of 2022 [1]. Based on this, better and more effective technology is a necessity. One of the biggest obstacles in wireless communication systems is the issue of fluctuations in received signal levels produced by reflection and refraction, which occurs particularly in metropolitan regions with tall buildings and mountainous terrain [2]. In conventional infrastructure, implementing base stations or repeaters [3], as well as reducing cell size [4], is a solution. Still, this technique provides system complexity and can be expensive and difficult to install in certain conditions, particularly in densely populated urban areas. [5]. To effectively overcome these challenges, it is crucial to implement technological advancements.[bookmark: _Hlk91702109]* Corresponding Author. 
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Recent advancements in the field of metamaterials research have been significant and promising. The term “metamaterials” refers to artificial materials with unique properties not observed in naturally occurring substances [6]–[7]. These artificial materials have the extraordinary ability to alter the amplitude and phase of electromagnetic waves [6]–[7]. The metamaterial's unit-cell structure can be meticulously arranged to efficiently provide a reflective, transmissive, and absorptive surface. This has several practical uses, including antennas [8], filters [9], lenses [10], absorbers [11], etc. In addition, this artificial material has the potential to solve the problem of decreasing signal levels in wireless communications in urban and hilly environments as an inexpensive, compact, and simple-to-install reflector, as many researchers have demonstrated [12]–[14].
In addition to the cell unit structure of the metamaterial, the selection of material or substrate is frequently a determining factor in the performance of the designed device. The characteristics of the materials employed not only impact the functionality of the device but also contribute to its overall performance. The properties of these materials generate an impact on the response of the metamaterial to electromagnetic waves, including factors such as frequency, reflection, and various other effects. Numerous metamaterial studies have emphasized the substrate as a performance determinant. Several examples of substrates that have been explored include FR4 [15], Rogers RT Duroid 5880 [16], polyimide [17], and ceramic [18]. We can achieve the desired results by selecting the appropriate material and utilizing its properties.
This research focuses on finding the best dielectric substrate between the F4BMX220 and FR4 substrates that is suitable for a circular patch as a reflector application at 3.5 GHz. The FR4 substrate is mostly used in RF and microwave applications because the price is lower than other substrates. The best performance of microwave devices uses the RO5880 Duroid substrate but this substrate has a higher price.The F4BMX220 substrate has similar substrate parameters to the RO5880 Duroid and a low price compared to the RO5880 Duroid, although the F4BMX220 substrate is more expensive than the FR4 substrate. The best dielectric substrate is determined based on the simulated result on CST software, where the simulated result is shown on the graph of the S-parameters and reflection phase. In addition, the comparison performances of both dielectric substrates are presented by comparing the dimensions of the circular patch and operating bandwidth caused by the incident wave angle effect. 
Circular Patch Design
A circular patch unit cell for reflector application is designed on two copper layers on a dielectric substrate, where the top layer is a copper circular patch, and the bottom layer is copper of the ground plane. Also, in the middle of two copper layers is a dielectric substrate that is FR4 or F4BMX220. A circular patch dimension can be calculated using (1) to (3) [19]–[20]:

			(1)

			(2)

[bookmark: _Hlk141100170]			(3)

where r is the radius of the circular patch, r is the dielectric constant of the substrate, h is the substrate thickness, fr is the resonant frequency, and D is the diameter of the circular patch.
The detailed dimensions of a circular patch unit cell are shown in Figure 1, and Table 1 presents the comparison of dimension between two substrates. The size of both employed substrates are the same; however, the circular patch diameter of the FR4 substrate has a difference of around two times that of the F4BMX220 substrate because the FR4 substrate dielectric constant is 4.3, or around twice the F4BMX220 substrate dielectric constant, which is 2.2. Furthermore, the FR4 substrate is thicker and heavier than the height of the F4BMX220 substrate. The FR4 substrate loss tangent is 0.01 or higher than the F4BMX220 substrate loss tangent, which will affect the reflected power. The smallest loss tangent of the substrate usage will provide the best of the reflected power.
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(a)  		          (b)   				           (c)

Figure 1. A circular patch unit cell (a) Top view, (b) Side view, (c) The proposed design simulation by using Floquet ports simulation

Simulation Result and DiscussionTable 1. 
Dimension comparison between FR4 and F4BMX220 Substrate.
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Simulation of the proposed design uses a Floquet port simulation where the horizontal plane is a Perfect Electric Conductor (PEC), and the vertical plane is a Perfect Magnetic Conductor (PMC). The simulation result of the circular patch unit cell between two substrates is shown in Figure 2, where the incident wave angle is through the center of the reflecting element or 0°. Simulation results are presented in a graph of S-parameters and the reflection phase. The S-parameters are shown in S11 as the reflection value and S21 as the absorption value, where S11 and S21 are presented as the magnitude values. The reflection value (S11) means how much power is reflected; if S11 has 1, it means the power is fully reflected or deemed a perfect conductor. The absorption value (S21) is a value that indicates how much power will be absorbed, which usually depends on the dielectric substrate used in the proposed design. 
At 3.5 GHz, using the FR4 substrate yields S11 of 0.62 and S21 of 0.00034. Meanwhile, using F4BMX220 substrate yields S11 of 0.96 and S21 of 0.007. It means that employing the FR4 substrate results in 38.44% reflected power and 0.00001% absorbed power, but employing F4BMX220 substrate results in 92.16% reflected power and 0.005% absorbed power. As a reflector, using the F4BMX220 substrate has a better advantage in terms of higher reflected power compared to the FR4 substrate. It is caused by the F4BMX220 substrate having a smaller loss tangent (tan δ) value compared to the FR4 substrate. The way to improve the reflected power of a circular patch unit cell if using the FR4 substrate is to make the substrate thickness thicker, for example, the FR4 substrate thickness is more than 3.2 mm, but it will be bulky.  In the reflection phase graph, the proposed design using the FR4 substrate has -17.17, but if using the F4BMX220 substrate, it has -6.77. It has a different angle of 10.4 but the reflection phase shows a negative angle for both substrates. 
Based on Figure 2, the operating bandwidth can be determined by specifying the reflection phase range from -90 to +90 where a resonance frequency occurs. The proposed design using the FR4 substrate has an operating bandwidth of around 0.34 GHz, but if using the F4BMX220, it has approximately 0.24 GHz. The operating bandwidth of the FR4 substrate is wider than the operating bandwidth of the F4BMX220 substrate, but the reflected power of the F4BMX220 substrate has better value compared to the FR4 substrate. 
Figure 3 shows the E-field and H-field between both substrates at 3.5 GHz which can indicate a power loss in the proposed design. The E-field or H-field intensity of the FR4 has a higher value compared to the F4BMX220. For the E-field in Figures 3.a and 3.b, the power loss distribution concentration is high at the +y and -y axes of the proposed design since it is parallel to the electric component of the incident EM wave. For the H-field at Figures 3.c and 3.d, the power loss distribution concentration is high at the +x and -x axes of the proposed design since it is parallel to the magnetic component of the incident EM wave.


[image: ]
Figure 2. Comparison of S-parameter and reflection phase simulation results for both substrates.


[bookmark: _GoBack]The surface current distribution of both substrates at 3.5 GHz is investigated and shown in Figure 4.  The currents flow on the left and right sides of the circular patch, where the currents are going up and down on the circular patch. A magnetic reaction is also caused by circulating displacement currents between the two metallic elements, which contributes to the proposed structure's losses.
[image: ]
Figure 3. Power loss distribution for the proposed design of both substrates at 3.5 GHz.

[image: A screenshot of a computer generated image  Description automatically generated]
Figure 4. Surface current for the proposed design of both substrates at 3.5 GHz.



In a smart radio environment, a metasurface reflector can be located on the huge buildings’ walls or billboards to guide the EM wave to a certain path (users). Usually, the EM wave does not impinge at the center point of the metasurface reflector in real conditions, so the incident wave angle can affect the performance of the metasurface reflector. Figure 5 shows an illustration of the reflection wave angle in the proposed design on two kinds of substrates when the incoming wave angle is moving from 0 to 75, as notated using . 
F4BMX220 substrate
The first case, as shown in Figure 6, is the S-parameters and reflection phase graph from the simulation result of the proposed design of the circular patch using a F4BMX220 substrate. When the incident wave angle moves from 0 to 75, the reflection value (S11) decreases from 0.96 at 0 on 3.5 GHz to 0.78 at 75 on 3.54 GHz, and the absorption value (S21) increases from 0.007 at 0 on 3.5 GHz to 0.0142 at 75 on 3.54 GHz. According to these simulation results, the reflection value decreases by around 18.75%, and the absorption value increases by around twice. It also has a shifting resonance frequency to a higher frequency of around 1.14% at the center frequency in terms of the reflection and absorption values.[image: ]
Figure 5. Illustration of the incident wave angle () from 0 to 75 with respect to the reflection phase of the proposed design.

Table 2. 
Affect the incidence wave angle to the operating bandwidth on the F4BMX220 substrate
[image: ]


Furthermore, the reflection phase shifts from the wide bandwidth to the narrow bandwidth, as shown in Figure 6.b and Table 2. The operating bandwidth will be dropped to 37.5% if the incident wave angle moves from 0 to 60, but the reflection phase is out of range at the incident wave angle of more than 75.
FR4 substrate
The second case is the proposed design using the FR4 substrate, where the simulated result is shown in Figure 7. The reflection value decreases from 0.69 at 0 on 3.5 GHz to 0.1 at 75 on 3.47 GHz, and the absorption value decreases from 0.001 to 0.172 on 3.5 GHz. It means that the reflection value drops by 85% and shifts to a lower frequency, around 0.03 GHz, but the absorption value increases to 17.1% when the incident wave angle moves from 0 to 75. In Figure 7.b, the reflection phase will have a narrowed bandwidth because of the incident wave angle effect. 
In addition, the operating bandwidth of the effect of the incident wave angle is listed in Table 3. The operating bandwidth is 0.24 GHz at a normal incident wave angle of 0, but it decreases by around 67.65% if the incident wave moves to 60. When the incident wave angle is 75 or more, the reflection phase is out of range, so the operating bandwidth cannot be calculated. Table 2. 
Affect the incidence wave angle to the operating bandwidth on the F4BMX220 substrate
[image: ]
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[bookmark: _Hlk145981564]Figure 6. The simulated result when the incident wave angle varies from 0 to 75 on the F4BMX220 substrate: (a). S-Parameters, (b). Reflection Phase.
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(b)
Figure 7. Simulated result if the incident wave angle varies from 0 to 75 on the FR4 substrate: (a). S-Parameters, (b). Reflection Phase.


Table 3. 
Affect the incidence wave angle to the operating bandwidth on the FR4 substrate 

[image: ]

Based on two cases of dielectric substrate usage, the operating bandwidth narrows down when using the F4BMX220 substrate compared to the FR4 substrate, which has a difference of around 0.1 GHz, but the reflection and absorption values are better when using the F4BMX220 substrate than the FR4 substrate.
Conclusion
[bookmark: _Hlk147037457]The comparison performance of the circular patch designs for reflector applications based on two types of substrates and the effect of the incident wave angle have been presented, designed, simulated, and analyzed. At the normal incident wave angle (0), the proposed design on the F4BMX220 substrate has a reflection value of 0.96, an absorption value of 0.007, and the reflection phase of -6.77, but the proposed design on the FR4 substrate has a reflection value of 0.62, an absorption value of 0.00034, and the reflection phase of -17.17. It can be caused by the material composition between both substrates, where the F4BMX220 substrate has the smallest tan δ compared to the FR4 substrate. However, the F4BMX220 substrate has a narrower bandwidth than the FR4 substrate, which is a difference of around 0.1 GHz. Based on the simulated results of the incident wave angle effect, the proposed design can work properly if the incident wave angle is from 0 to 60, but the best performance of the proposed design is when the incident wave angle is at a normal incident wave angle (0). The F4BMX220 substrate is chosen as a circular patch unit cell for a reflector because it has the best performance in terms of reflection and absorption values, even though the operating bandwidth is narrower than the FR4 substrate.
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