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 This paper presents a developed design of a 3×4 circular polarization 

microstrip antenna patch array who’s its resonance frequency is 2.45 GHz in 

the industrial, scientific, and medical (ISM) band. This array is printed on a 

FR4 substrate of 1.58 mm thickness with a dielectric permittivity of 4.4.  

The basic antenna patch is a square shape inserted by a rectangular slot 

inclined positioned diagonally at the center to achieve circular polarization.  

In addition, a triangular-shaped slit is added at each of the four corners of the 

patch. The antenna array performance is tested numerically using two 

different software packages, CST MWS and HFSS. The antenna’s array size 

is compacted to a 22.7×13.5 cm. The simulated results give good performance 

results in terms of return loss and gain; directivity is found to be 9.66 dBi at 

2.45 GHz; the axial ratio value is 1.69 dB; and total efficiency is about 95.55% 

at 2.45 GHz. Then, the simulated results obtained by these two programs are 

in good agreement, which makes this proposed array design very suitable for 

radio frequency energy harvesting and its various applications to power 

supply different devices in a clean way for our environment. 
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1. INTRODUCTION 

Wireless devices such as smartphones, tablets, drones, and sensor networks are very useful in all areas, 

which leads to an increasing use of batteries. Unfortunately, the batteries have expired due to their limited life 

cycle, their very expensive and difficult recycling, their large occupied surfaces, and their complex positions 

in places inaccessible, especially for sensor networks. To avoid all these problems mentioned above, a 

promising solution is available that is based on capturing electromagnetic waves and storing them afterwards. 

This solution is included in the technology known as wireless power transmission (WPT), which is more 

prevalent and more recent in research [1]–[4]. 

Solar space energy transmission (SPT) and wireless microwave energy transmission WPT have 

become interesting topics in the last few centuries for transmitting energy in the future. The WPT has been 

known since the early 1900s, when Nikola Tesla who theorized, developed, demonstrated, and used this 

concept in many real-world applications. The high motivation in WPT over the last few decades is due to these 

many advantages: the transmission of electrical energy to loads without wired connections, that ensures the 

autonomy of the mains socket [5], the elimination and reduction of interconnected cables and wires in order to 

avoid short circuits, and the reduction of the wireless devices weight by eliminating batteries that have a 

significant weight. 

https://creativecommons.org/licenses/by-sa/4.0/
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In recent years, researchers have become increasingly interested in microwave power transmission 

(MPT) systems such as rectenna systems [6], [7]. The rectenna systems consist of two parts: the emitting part 

and the receiving part. The main purpose of rectenna systems is to convert the DC power supply into micro-

radiation waves by means of a transmitter antenna. After, to transmit this radiation in the free space to a receiver 

antenna which in turn receives this micro- radiation waves and convert it into useful DC power. Rectenna 

systems consist of an antenna integrated with a rectification circuit. The first appearance of the rectenna system 

was by W. Brown in the United States, whose revolutionary work he did at MPT in 1960 at Raytheon 

Technology Company in the United States. In addition, W.C. Brown showed the great ability of MPT to launch 

a microwave helicopter alone, as in [8]. This MPT revolution in [9]–[11] has crushed all fields. In the literature, 

the rectenna systems studied operate on several operating frequencies from 2.45 GHz to 5.8 GHz, as in [12]–

[14], because these two operating frequencies of 2.45 GHz and 5.8 GHz have a relatively low atmospheric loss. 

The blocks of the rectenna’s basic architecture are illustrated in Figure 1 as in [15], [16]. This figure 

is added to explain the main functions of the rectenna system. The first block concerns the receiving antenna, 

which collects microwave energy and converts it into DC using a rectifying circuit. The second block is the 

high-frequency filter (HF filter) added between the receiving antenna and the rectification circuit to prevent 

the antenna from re-irradiating the higher-order harmonics generated by the rectification circuit. The third 

block is the rectification circuit. The fourth block is a direct current filter (DC filter) added between the 

rectification circuit and the load represented by the last block to prevent the loading of radio frequency signals. 

The load is the rectenna’s final component. It is represented by the input impedance of one or more devices 

that will be connected to the desired application. 

The rectenna system has been studied for different types of polarization, such as linear polarization 

(LP) as in [17]–[20], and circular polarization (CP) as in [21]–[24]. In this paper, the main contribution is CP 

because the CP leads to an almost constant DC output when the receiving antenna or transmitting antenna 

changes direction in space. The main contribution in this article is to propose a new design of a circular 

polarized antenna patch array that operates at the 2.45 GHz resonance frequency in the industrial, scientific, 

and medical (ISM) band, which is characterized by excellent performance in terms of return loss, gain, 

directivity, axial ratio, and total efficiency. This developed array design will be used in the rectenna systems 

in order to harvest a large amount of incoming power at 2.45 GHz in the ISM band. The developed basic 

antenna is used to design an antenna array of six identical elements. Each element is a square antenna with 

rectangular slot inclined in the center and a triangle-shaped slits at the four corners. The elements are connected 

to a T-Junction power divider to match the antenna input impedance to 50 Ω. 

The construction of this paper has four parts. The first part is the introduction, which gives a brief 

overview of the antenna patches and their utilities in the rectenna systems for RF energy harvesting. The second 

part lists the method that explains the structure of the antenna and the steps of the antenna patch design, and in 

this part where a new design for the antenna patch has been developed. The third part presents the numerical 

simulation results, discusses them, and compares them to existing work in the literature. This ensures that the 

proposed novel design has good performance. Finally, the last part devotes itself to the conclusion, which 

summarizes the main points of this article. 

 

 

 
 

Figure 1. Blocks of the basic rectenna architecture 

 

 

2. METHOD 

2.1.  Antenna structure 

The antenna is a converter of electrical energy to electromagnetic energy in the case of a transmitting 

antenna, or vice versa in the case of a receiving antenna. The most widely used antenna technology in frequency 

energy (RF) energy harvesting is a patch antenna technology. This technology has several advantages, among 

which are the following:  
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− Its wide variety of geometric shapes makes them applicable to different integration situations;  

− Its ease of integration thanks to advances in microelectronics technology in the fields of miniaturization 

and electronic integration; 

− Its low weight;  

− Its reduced volume;  

− Compliance on planar and non-planar surfaces;  

− Its ease of manufacture;  

− Its various useful polarizations, such as LP and CP; 

− Its flexibility in terms of operating frequency. 

The general structure of a patch antenna contains of three important elements: the ground plane, the 

substrate, and the last one, the patch. Figure 2 shows the basic structure of the patch antenna, and Figure 3 

illustartes the various geometric forms of the patch as in [25]–[27]. The ground plane, also called ground, is 

conductive in nature and characterized by the conductivity of the conductor chosen, such as copper, silver, and 

gold. The substrate, also called the dielectric substrate, is placed on the ground plane. This substrate is defined 

by a dielectric constant and an electric dissipation factor (tangential loss). 

The patch, also called the radiating element, is placed on the substrate. The patch can take various 

geometric shapes see Figure 3 that affect the nature of the radiation and also the modes that are likely to excite 

the antenna. Power to the patch antenna is supplied by feeding the radiating element. There are several power 

supply methods for feeding the patch such as the micro-ribbon line method, the coaxial probe method, the 

method of power supply by micoruban line and slit, and the coupled line feed method see the online version of 

Figure 4. 

 

 

  
  

Figure 2. Basic structure of patch antenna Figure 3. Various geometric shapes of the patch 

 

 

 
 

Figure 4. Various power methods for feeding the patch 
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The main antenna characteristics used to define the performance of the antenna patch are: the 

coefficient of reflection (i.e., the return loss), voltage standing wave ratio (VSWR), gain, directivity, and 

bandwidth. In the case of a high-performance antenna, one says that this antenna is able to use it in wireless 

power transmission applications to power various devices in several areas such as industrial, medical, 

aerospatial, scientific, public, power supply sensors, drones, smartphones, and brain-machine interface. 

Throughout this paper, we will focus on the patch antenna with a square shape of the radiating element with 

circular polarisation at a resonant frequency of 2.45 GHz in the ISM band and powered by the microstrip line 

through a single excitation port. 

 

2.2.  Patch antenna design 

2.2.1. Design phase 

The process of designing a patch antenna, also known as the patch antenna design phase, namely;  

i) specify the value of the operation frequency, that is, the value of the resonance frequency noted 𝑓𝑟; ii) specify 

the substrate permittivity value (i.e., the substrate dielectric constant) noted 휀𝑟; iii) specify the height of the 

substrate (i.e., the substrate thickness) noted ℎ𝑠; and iv) using the specified parameters (𝑓𝑟 , 휀𝑟 and ℎ𝑠), 

determine the patch’s width 𝑊𝑃 and the patch’s length 𝐿𝑃 using the equations that will be mentioned in the 

next subsection (2.2.2.). Figure 5 is intended to illustrate the design phase. 

 

 

 
 

Figure 5. Patch antenna design flowchart 

 

 

2.2.2. Theoretical design 

Equations can be found in the literature to facilitate the calculation of the radiating element 

dimensions, as in [28]. In (1) is used to calculate the patch’s width (𝑊𝑃). In (2) is used to calculate the dielectric 

effective permittivity (휀𝑟𝑒𝑓𝑓). The patch’s length (𝐿𝑃) is extended by a distance (∆𝐿𝑃) due to fringe 

phenomena, where in (3) is used to calculate ∆𝐿𝑃. The wavelength (𝜆) depends on the resonance frequency 

(𝑓𝑟) and the speed of light in a vacuum (𝐶), where in (4) is used to calculate the wavelength. In (5) is employed 

to calculate the patch’s length (𝐿𝑃). 
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2.2.3. Analysis phase 

The analysis phase is used for a parametric study to optimize the dimensions of the patch antenna to 

be designed according to the required specifications. In other words, the analysis phase is the simulation phase 
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where these optimized dimensions are obtained using the full-wave simulator called computer simulation 

technology (CST) on a personal computer (PC) with Windows 10 professional, an Intel (R) Core (TM) i5 

5300U CPU, 2.30 GHz, and 8.00 GB of RAM. Figure 6 depicts a flowchart of the patch antenna analysis 

method, which illustrates the steps involved in designing a patch antenna step by step. 

 

 

 
 

Figure 6. Patch antenna analysis method flowchart 

 

 

2.3.  New patch antenna design 

In this article, a novel design of circularly polarized patch antenna operating at a resonant frequency 

of 2.45 GHz has been developed. With the radiating element designed with a modified square geometry. The 

proposed design is fed by a microstrip line through a single excitation port. 

 

2.3.1. Substrate selection 

The choice of substrate has a very important task in the design of the patch antenna, as it affects its 

performance. The correct choice of substrate is used to meet the design specifications. Therefore, in order to 

make a precise choice of the type of substrate, it is necessary to choosemaxim as well as possible the parameters 

that define this substrate, which are the dielectric constant 휀𝑟 and the tangential loss tan (𝛿). The type of 

substrate used in our new patch antenna design is the FR4-expoy material. The characteristics of the substrate 

suitable for this developed design are:  

− The relative permitivity 휀𝑟, equal to 4.4; 

− The thickness ℎ𝑠, equal to 1.58 mm; 

− The tangential loss tan (𝛿), equal to 0.001. 

 

2.3.2. Basic antenna design developed 

The developed design of the basic antenna is described by its square-shaped radiating element with a 

modification at its four corners in the form of a triangular truncation and by the insertion of an oblique 

rectangular slot in the center of the square patch fed by a single excitation port at 50 ohms. The proposed design 

is an improved design using two techniques:  

− The truncation technique allows the bandwidth around the operating frequency to be increased and the total 

patch area to be minimized [29];  

− The slit technique, which improves the performance of the patch antenna in terms of axial ratio and 

reflection coefficient [29]. 
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The dimensions of this basic antenna are obtained using the equations mentioned above. Figure 7 

shows the improved design of the basic antenna patch by showing the values of its dimensions after an 

optimization process of these different dimensions to find the optimal dimensions for this antenna to function 

properly. This improvement has been achieved thanks to the performance provided by truncation and slotting 

thechniques. 

 

 

 
 

Figure 7. Basic antenna patch structure and its dimensions 

 

 

2.3.3. Antenna array design developed 

The array antenna patch is based on the basic antenna patch design proposed in this paper. The new 

design developed for this array is intended to improve its performance of this array. This array antenna achieves 

directivity and significant gain due to the number of basic radiators used in the network and the increase in the 

collection area. The developed network antenna design contains six basic antenna elements, so one can say that 

this network is considered a 3×4 network (i.e., 3 rows and 4 columns). This design makes use the advantages 

of the two techniques mentioned above, namely the tilted slit technique and the triangular truncation technique, 

at the four corners of the radiating element. Thus, this design respects the same distance between the basic 

antennas by exciting them in a uniform way, that is, each of its basic antennas has an equal excitation to that 

of its neighboring basic antenna. Figure 8 depicts the design of the proposed array antenna, giving the 

dimensional values after an optimization process for these different dimensions. The optimization process 

makes it possible to find the optimum dimensions of this array antenna to work well with better performance. 

 

 

 
 

Figure 8. Antenna patch array structure and its dimensions 
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3. RESULTS AND DISCUSSION 

 The simulated results of key parameters help us to discuss the performance of the basic antenna patch 

and the network antenna patch developed in this work. The CST MWS software was the primary tool used to 

simulate results, but some results were also obtained using the HFSS solver. The variation of the return loss 

according to frequency is illustrated in Figure 9. At the 2.45 GHz resonance frequency, the reflection 

coefficient is equal to -27.79 [dB] using CST software and it equal to -13.63 [dB] using the HFSS solver; this 

value is less than -10 [dB]. The basic antenna operates with adequate adaptation in a band from 2.431 GHz to 

2.478 GHz using CST software, i.e., the bandwidth is equal to 47 MHz. The results obtained by the two 

software programs CST MWS and HFSS show that this basic antenna works well at 2.45 GHz with an adequate 

adaptation to the excitation port of 50 ohms. 

The VSWR variation according to frequency is shown in Figure 10. At the 2.45 GHz operating 

frequency, the VSWR is equal to 1.08 using CST software and equal to 1.52 using an HFSS solver; this value 

is close to 1. The basic antenna patch operates with adequate adaptation at 2.45 GHz. The results obtained by 

the two solvers CST and HFSS show that this basic antenna operates well at 2.45 GHz with adequate adaptation 

to the excitation port of 50 Ω. The basic antenna’s two-dimensional polar view directivity of the radiation 

pattern at 2.45 GHz in the ISM band is illustrated in Figure 11. The main lobe magnitude of 6.33 [dBi], the 

main lobe direction of 7 degrees, and the angular width (3 dB) of 91.5 degress.  

 

 

  
  

Figure 9. Return loss vs frequency Figure 10. VSWR vs frequency 

 

 

 
 

Figure 11. 2D polar radiation pattern 

 

 

A study was conducted to understand and illustrate the influence of the rectangular slot dimensions, 

width in Figure 12 and length in Figure 13 on the performance of the array antenna patch, such as the reflection 

coefficient. The results of the return loss simulations extracted by the CST MWS software show that when the 

width of the slot is reduced by fixing its length, the resonance frequency is offset to the high frequencies. 

However, when the width of the slot is increased by fixing its length, the resonance frequency is offset to the 

low frequencies. The optimum value of this width is obtained at 3.4 mm. The simulated results of the return 
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losses obtained by CST show that when we increase the length of the slot by fixing its width, it leads to an 

offset of the resonant frequency towards the low frequencies. However, when we decrease the length of the 

slot by fixing its width leads to an offset of the resonant frequency towards the high frequencies. The optimum 

value of this length is 9.3 mm. Therefore, these optimal values of the length and width of the rectangular slot 

have a good impedance adaptation level of -42.65 [dB]. 

 

 

 
 

Figure 12. Return loss versus frequency for different widths 

 

 

 
 

Figure 13. Return loss versus frequency for different lengths 

 

 

Figure 14 shows the curve of the reflection coefficient as a function of the frequency of the array 

antenna. The network antenna reflection coefficient value is equal to -42.65 [dB] at 2.45 GHz using CST 

software, and it is equal to -22.96 [dB] at 2.45 GHz using the HFSS solver. The differences in the results 

obtained by CST and HFSS can be attributed to the different numerical methods used by the two simulators. 
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The array antenna patch operates with adequate adaptation in a band from 2.44 GHz to 2.46 GHz using CST 

software, i.e., the bandwidth is equal to 20 MHz. Return loss is a crucial parameter for an antenna as it reveals 

the amount of energy lost and prvides insights into the energy transfer effeciency and impedance matching. In 

the case of this array antenna patch, it exhibits excellent impedance adaptation, low losses, and maximum 

energy transfer, indicating its superior performance. The voltage standing vawe ratio as a function of the 

frequency is depicted in Figure 15. At the 2.45 GHz resonance frequency, the VSWR is equal to 1.01 using 

CST software and equal to 1.15 using an HFSS solver; this value is close to 1. The network antenna patch 

operates with adequate adaptation at 2.45 GHz. The results obtained by the two solvers CST and HFSS show 

that this network antenna operates well at 2.45 GHz with an adequate adaptation to the excitation port of value 

50 Ω. Therefore, this array antenna is well adapted and delivers maximum power with low losses. 

The variation of the input impedance according to the frequency of the proposed design of an array 

antenna is illustrated in Figure 16. The value of the real part of the array antenna input impedance, also called 

the resistance, is equal to 27.58 Ω at the operating frequency of 2.45 GHz. The value of the imaginary part of 

the network antenna input impedance, also called the reactance, is equal to 0 Ω at the operating frequency of 

2.45 GHz. So, the input impedance of the array antenna is equal to 27.58+0j at the operating frequency of 2.45 

GHz so this array is well suited to the excitation port of value 50 Ω. 

The axial ratio as a function of frequency is shown in Figure 17. The axial ratio value is equal to 1.698 

[dB] at the 2.45 GHz resonance frequency. This value is less than 3 [dB] which shows that this array works 

with circular polarization. 

 

 

  
  

Figure 14. Return loss vs frequency Figure 15. VSWR vs frequency 

 

 

  
  

Figure 16. Input impedance vs frequency Figure 17. Axial ratio vs frequency 

 

 

The three simulated powers at the input of the port according to the frequency obtained by the CST 

software of the 3×4 antenna array are depicted in Figure 18: the first one is the power accepted, the second one 

is the power reflected, and the last one is the power radiated. The power accepted is 0.4999 W at 2.45 GHz, 
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the power radiated is equal to 0.4777 W at 2.45 GHz, and the power reflected is 2.7184×10-5 W at 2.45 GHz. 

These results extracted at the resonance frequency of 2.45 GHz for these three powers show that this antenna 

array has a good level of adaptation at the level of return loss and input impedance at 2.45 GHz. Moreover, this 

antenna array transfers the maximum amount of energy with the minimum quantity of losses in metal and 

dielectric. 

The radiation efficiency as a function of frequency is shown in Figure 19. The maximum radiation 

efficiency is 95.56% at 2.45 GHz. This shows that the proposed design of this network has good performance 

and works well at 2.45 GHz in the ISM band. The gain of this 3×4 network is 9.467 [dBi] at 2.45 GHz, and the 

directivity of this network is 9.655 [dBi] at 2.45 GHz. The gain and directivity results simulated by the CST 

software as a function of frequency are shown in Figure 20. This figure proves that the network proposed in 

this paper is effective in terms of gain and directivity at the operating frequency of 2.45 GHz. The total 

efficiency curve as a function of frequency is shown in Figure 21. At the resonance frequency of 2.45 GHz, 

the total efficiency value is equal to 95.55%. This total efficiency value ensures that the proposed array in this 

work operates well at the operating frequency of 2.45 GHz. 

 

 

  
  

Figure 18. Powers vs frequency Figure 19. Radiation effeciency vs frequency 

 

 

  

  

Figure 20. Gain and directivity vs frequency Figure 21. Effeciency vs frequency 

 

 

The two-dimensional polar view directivity of the radiation pattern for the 3×4 antenna patch array at 

2.45 GHz is depicted in Figure 22. The main lobe magnitude of 9.69 [dBi], the main lobe direction of 32 

degrees, and the angular width (3 dB) is equal to 40.5 degrees. Figure 23 shows the 3D radiation pattern at 2.45 

GHz of this array. 

Figure 24 shows the manner in which the surface current distribution flows on the six patches of the 

3×4 antenna patch array. From this result, one can observe that the circulation of the current has a uniformly 

high strength. Moreover, the current radiates uniformly along the transmission line and the boundary of the six 

patches of this array uniformly. Also, the boundary of the slits and the inclined rectangular slot supported an 

important radiating area see the online version of Figure 24. Table 1 summarizes some of the results of antenna 
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patch networks operating at a 2.45 GHz resonance frequency in the literature. This table helps us make a 

comparison between the conception developed in this article and other results of literature. 

 

 

 
 

Figure 22. 2D polar radiation pattern 

 

 

 
 

Figure 23. 3D radiation pattern 

 

 

 
 

Figure 24. Surface current distribution at 2.45 GHz 

 

 

Table 1. Comparison of CST software results 
Reference Antenna patch type Directivity [dBi] 

Zbitou et al. [17] LP 4 elements patches array 7 [dBi] 
Sennouni et al. [15] CP 6 elements patches array 9.14 [dBi] 

Sennouni et al. [29] CP 6 elements patches array 9.153 [dBi] 

Figure 8 (our developed design) CP 6 elements patches array 9.655 [dBi] 
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From this table, we note that the developed design of the 3×4 network is more efficient in terms of 

directivity than the other cited works. So, we conclude that this developed network in this paper is better in 

terms of directivity, and works well at 2.45 GHz with a CP, and is well adapted in terms of the return loss. Our 

3×4 array design will be used in all applications that rely on WPT in a variety of areas, such as aerospace 

applications, wireless sensor networks, automotive applications for charging electric vehicle batteries, brain-

machine interface systems in medicine, neural registration systems in medical fields, and wireless mobile 

chargers. 

 

 

4. CONCLUSION 

In this paper, a novel design of 3×4 circular polarization microstrip antenna patch array operating at 

the resonance frequency of 2.45 GHz in the ISM band is mounted on a FR4 substrate. The basic antenna patch 

is a square-shaped metal sheet with an angled rectangular slot in the center and inserted by a triangular-shaped 

slit at the four corners. An excellent agreement is found between the antenna performance results extracted by 

two various software programs, CST MWS and HFSS. The good performance of this developed design in 

terms of return loss of -42.65 dB, axial ratio of 1.69 dB, directivity of 9.66 dBi, gain of 9.47 dBi, and total 

efficiency of 95.55%. These simulated results make this design very suitable for RF energy harvesting and 

their different applications to power supply various devices without harming our environment. For future 

research, this design can be extended further for manufacturing and testing of prototypes.  
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