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Abstract 
In this paper a two layers microstrip antenna design at 2.45 GHz ISM band with Harmonic rejection 

filter embedded on the ground plane is presented. The two roger substrates with relative permittivity of 2.2 
are separated by an air gap which enhances the antenna gain. The design is simulated using Computer 
Simulation Technology (CST) Studio Suite 2015. Different aperture couplings slots such as rectangular and 
triangular aperture coupling slots are studied and compared. It is found that the antenna with triangular 
aperture coupling slot enhances the antenna performance by suppressing 2nd and 3rd harmonics at 5 GHz 
and 8 GHz, respectively, increasing the antenna gain and providing a better circular polarization behavior. 
The simulated antenna design achieves a gain of 9 dB, return loss of -23.6dB, axial ratio of 1.27dB and 
axial-ratio bandwidth of 40.8% (2 ~ 3 GHz). The proposed antenna shows an enhancement in the antenna 
performance which makes it a suitable candidate for rectifying antenna or rectenna application as it can 
increase the total conversion efficiency resulting in a high output DC voltage used to power low power 
electronic and electrical devices such as wireless sensor. 
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1. Introduction 

Rectenna is a device used to capture ambient electromagnetic signals and convert them 
into a DC voltage to power low power devices such as wireless sensor. It consists of an antenna, 
harmonic suppression filter, rectifying circuit and resistive load [1, 2]. The most important 
parameters in rectenna design are the total conversion efficiency, associated cost and the 
physical size. There have been many efforts on improving the rectenna design by increasing its 
conversion efficiency as the efficiency reduction is due to the nonlinear behavior of the diodes 
that cause generation of unwanted harmonic of the fundamental frequency. To overcome this 
issue, many researchers have proposed adding a low pass filter between the antenna and the 
rectifying circuit [3-9] to suppress unwanted harmonics so that the rectenna efficiency would be 
increased. However, the adaption of the Low Pass Filter (LPF) increases the size and cost of the 
rectenna and cause isolation loss which limit the practical implementations of the rectenna.  

In [10], the harmonic rejection property is added to the antenna by embedding 
unbalanced slots structure so the isolation loss associated with the LPF is eliminated. Antenna 
with triangular shape can suppress generated harmonics by nonlinear diodes as presented in 
[11]. In [12] a technique of four right-angle slits applied to the patch antenna design can block 
second and third harmonic signals. In prior literature [10-15], the antenna designs can reject the 
unwanted harmonics with no need for the harmonic rejection Filter (HRF). However, most of these 
designs suffer from low gain which degrades the overall rectennna conversion efficiency.  

A circular polarization property is another important feature of the rectenna design that 
can increase the captured ambient signals and reduce the polarization loss associated with linear 
polarization antennas. Many techniques can be used to achieve the circular polarization such 
orthogonal feed lines technique [16-18]. This technique can provide dual polarization mode by 
delay in excitation but there is trade-off between the isolation loss and the return loss which make 
the design complex. Single feed microstrip with circular polarization is proposed in [19-21] to 
reduce complexity. However, the axial ratio bandwidths achieved are 1.7%, 19.4%, 23%, 
respectively, which are quite narrow. 
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In this paper, a two layers high gain high order harmonic rejection circularly polarized 
antenna design is proposed. The gain of the antenna is enhanced by using an air gap between 
two layer substrates. This antenna design uses different aperture coupling slots etch on the 
ground plane to suppress unwanted harmonics. Harmonic rejection filter is replaced by an internal 
filter within the antenna which reduces the size. 
 
 
2. Antenna Design Procedures 

The proposed stacked microstrip antenna is shown in Figure 1(a). A square patch is 
etched on the top layer as shown in Figure 1(b). A single feed line of 50Ω impedance is designed 
on the bottom layer as shown in Ffigure 1(c). The aperture coupling slots such as right angle 
triangular and rectangular coupling slots are designed with 45° rotation angle, to achieve the 
circular polarization property, on the second layer as shown in figure 1(d) and figure 1(e), 
respectively. The two layer substrates are separated by spacer or plastic holder of 5 mm which 
enhances the antenna gain. 

The design uses Roger 5880 substrate with relative permittivity of 2.2, 0.0009 tangent 
loss, and 0.035mm copper thickness. Equations are applied to obtain the proposed antenna 
dimension [22, 23] as following: 

The width of the square patch can be obtained using equation (1):  
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The effective length, 𝐿𝑒𝑓𝑓 is calculated using equation (2) 
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The extension length in the patch, ∆𝐿 can be calculated using equation (3).     

 

∆𝐿 = 0.412ℎ 
(𝜀𝑟𝑒𝑓𝑓+0.3)(

𝑊

ℎ
+0.264)

(𝜀𝑟𝑒𝑓𝑓−0.258)(
𝑊

ℎ
+0.8)

                                                                               (3) 

 
The patch actual length, Lp is calculated using equation (4). 
 

𝐿𝑝 =  𝐿𝑒𝑓𝑓 − 2 ∆𝐿                                                                                                   (4) 

 
To find the width and length of the 50Ω feed-line equations (5) – (8) are used: 

For condition when, 
𝑊
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Figure 1. Geometry of the proposed stacked antenna with the dimensions of Wp = Lp= 46mm, 
Ls= Ws = 100mm, g=5mm, h1 = h2 = 0.787mm, Lf = 50mm, wf = 2.342mm, R1 = 27.25mm, R2 
= 14mm, T = 25.45mm, T1 = 18mm. (a) Antenna side view, (b) Top view of the square patch, 
(c) bottom view of the feedline (d) Second layer with right angle triangle slot view (d) Second 

layer with rectangular slot view 
 
 
3. Results and Discussions 

In this section, the antenna parameters such as return loss and harmonic rejection 
property, bandwidth, gain, and axial ratio are discussed and analyzed.  

 
3.1. Return Loss and Harmonic Rejection Property  
3.1.1. Return Loss of the Antenna with Rectangular and Triangular Aperture Coupling 
Structure 

The simulation is carried over a range of 0-10 GHz. The resonance frequency of 2.45 
GHz of the antenna with rectangular aperture coupling slot can achieve return loss of less than -
15dB. However, harmonics are generated at 5 GHz and 8 GHz, as shown in Figure 2, which 
reduces the antenna efficiency. The antenna with right angle triangular aperture coupling slot 
achieves less than -23dB return loss at 2.45 GHz resonance frequency with no harmonics 
generated, as shown in Figure 3. 

 
 

 
Figure 2. Antenna return loss with the 

rectangular   aperture  aperture coupling slot 

 
Figure 3. Antenna return loss with the 

triangular aperture   coupling slot 
 
 
 

3.1.2. Harmonic Rejection Comparison of Rectangular and Triangular Aperture Coupling 
Slots 
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The antenna with rectangular aperture coupling slot generates 2nd and 3rd harmonics at 
5 GHz and 8 GHz respectively. However, the antenna with triangular aperture coupling slot rejects 
theses harmonics resulting in very low return loss of -23.68dB at the fundamental frequency 
compared to that obtained with the antenna with rectangular aperture coupling slot, as shown in 
Figure 4. The antenna with triangular aperture coupling slot is able to reject high order harmonics 
due to the reflection of second and third harmonics noises when feeding into 
the slot as they fail to create a current resonance around the 
slot so the power radiated at 2nd and 3rd harmonics is reduced, whereas the power radiated at the 
1st harmonic or at the fundamental frequency is increased which improves the overall antenna 
efficiency at 2.45 GHz.  

 
 

 
 

Figure 4. Return loss comparison of the rectangular and triangular aperture coupling slots 
 
 

Table 1. Return Loss of Comparison 
Aperture slot Fundamental frequency 

(2.45 GHz) 
2nd harmonic     (5 

GHz) 
3rd harmonic  

(8GHz) 

Rectangular slot -15.4dB -4.22dB -26.4dB 
Triangular slot -23.6dB -1.4dB -1.74dB 

 
 
3.2. Antenna Gain  

The antenna with rectangular aperture coupling slot can achieve a realized gain of 8.852dB 
and total efficiency of -0.1908, whereas the antenna with triangular aperture coupling slot can 
achieve up to 9.01 dB with total efficiency of -0.0187 as shown is Figure 5(a) and Figure 5(b), 
respectively. It is observed that the use of triangular aperture coupling slot has enhanced the gain 
as well as the efficiency of the antenna which is due to strong coupling achieved with triangular 
aperture coupling slot. 

From the antenna gain direction, it is noted that the main beam direction is 180 degree 
which means the main radiation is from the loaded slot toward the antenna patch direction. The 
antenna main radiation is to the front of the antenna patch which makes it suitable for receiving the 
wave signals in rectenna application. 

 
3.3. Antenna Axial Ratio 

Axial ratio is a measure of the antenna polarization type. The antenna is said to be 
circularly polarized if its axial ratio is 3dB or less. However, the antenna with axial ratio more than 
3 dB considered as linearly optimized. The antenna with rectangular aperture coupling slot has an 
axial ratio of 2.35dB whereas, the antenna with triangular aperture coupling slot achieves axial 
ratio of 1.27dB and axial-ratio bandwidth of 40.8% (2 ~ 3 GHz), as shown in Figure 6. Although, 
all the antennas with rectangular and triangular aperture coupling slots achieves the circular 
polarization property, the antenna with triangular aperture coupling slot has a better circular 
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polarization behavior as the axial ratio is closed to the ideal case where the two electric fields 
components are equal in magnitude and orthogonal to each other (out of phase by 90°). 

 
 

 
(a) 

 
(b) 

 
Figure 5. Antenna gain (a) Gain of the antenna with rectangular aperture coupling slot (b) Gain 

of the antenna with triangular aperture coupling slot 
 

 
In the proposed antenna design, the air gap is introduced as it has very significant effect 

on the antenna gain. By varying the air gap height, the antenna gain varies as well. Parametric 
study is carried on the air gap value, g, as shown in Figure 7, from 0 mm to 10 mm. it is observed 
that the antenna gain increases dramatically to 9.01dB at 5 mm air gap. However, the antenna 
gain drops at air gap higher than 5 mm. The air gap height is optimized to achieve high gain with 
reasonable antenna size. The air gap is set to 5mm to maintain small size of the antenna design 
with a high gain. 
 

 

 
 

 

Figure 6. Axial ratio of antennas with 
rectangular and triangular aperture coupling 

slots 

Figure 7. Study of the air gap effect on the 
antenna gain 

 
 

3.4. Results Comparison 
Comparison between Triangular and rectangular coupling slots results is performed in 

terms of antenna return loss, gain, bandwidth, axial ratio and harmonic rejection property as shown 
in Table 2 below. From comparison, it can be observed that the antenna with triangular aperture 
coupling slot has a better performance in terms of all antenna parameters which is due to the strong 
aperture coupling occurred at 2.45 GHz. The strong coupling between the patch and triangular slot 
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at 2.45 GHz eliminates the harmonics generation at higher frequencies, at 5 GHz and 8 GHz, which 
increased the radiated power at the fundamental frequency resulting in a high performance of the 
antenna. This antenna can be used in rectenna application as it can achieve high performance 
required for such application. 

 
 

Table 2. Result Comparison of Triangular and Rectangular Coupling Slots 
Antenna parameter Triangular aperture coupling slot Rectangular aperture coupling slot 

Return loss -23.6 dB -15.4 dB 
Gain 9.01 dB 8.852 dB 

Bandwidth 204.83 MHz 198.22 MHz 

Axial Ratio 1.27 dB 2.35 dB 
Harmonic rejection Property Yes No 

 
 

4. Conclusion 
In this paper, a two layer microstrip antenna design at 2.45 GHz with different aperture 

coupling slots such as rectangular and triangular aperture coupling slots has been presented. 
From comparison carried, it is found that antenna with triangular aperture coupling slot can 
suppress 2nd and 3rd harmonics at 5 GHz and 8 GHz, respectively. Besides that, this antenna can 
achieve 9 dB gain, -23.68 dB return loss, 204.83 MHz bandwidth, 1.27dB axial ratio (AR) and 
axial-ratio bandwidth of 40.8% (2 ~ 3 GHz). Based on results evaluation of different antenna 
parameters, this antenna can be well-suited for the rectenna application so that rectenna would 
have high efficiency, low cost and small size. In future, the fabrication process of the proposed 
antenna can to be carried out. 
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