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Abstract—In this paper, a dual-band circularly polarized 

antenna at 915 MHz/2.45 GHz is designed. A cascade of a 

broadband power splitter and a 90° phase shifter is used in 

the antenna as the dual-feed network. Two concentric 

square ring radiating patches are coupled fed by the two 

orthogonally positioned H-shaped slots which are etched in 

the ground plane. The size of the antenna is 150mm×150mm. 

The results show that the antenna has the impedance 

bandwidths of 26.7% and 17.2%, 3-dB axial ratio 

bandwidths of 8.5% and 16.8% and peak gains of 3.14 dBi 

and 8.29 dBi at 915 MHz and 2.45 GHz, respectively. 

Consequently, the proposed antenna meets the requirement 

of dual-band and circular polarization, and improves the 

capacity of radio frequency energy harvesting. 

 

Index Terms—Radio frequency energy harvesting, 

Dual-band, Circular polarization, Antenna 

 

I. INTRODUCTION 

In recent years, the usage of renewable energy for the 

supply of electronic equipment has been the focus of 

scientific research. Energy harvesting is the process of 

collecting ambient energy such as radio frequency (RF), 

solar, photovoltaic, thermal and mechanical energy and 

converting the ambient energy into electricity. With the 

rapid development of wireless communication 

technologies and the wide application of power sources, 

such as cellular base station, digital television and 

wireless router, the ambient RF power density has risen 

significantly. In contrast to other energy sources, RF 

energy sources are not limited by weather conditions, 

indoor or outdoor, and also can reduce the size of the 

harvesting system and cost. In order to prolong the life of 

the batteries or avoid using batteries, RF energy 

harvesting has been applied to portable devices and small 

electronic devices, e.g. mobile phones, tablet PCs, sensor 

devices and biomedical implants [1]. 

RF energy harvesting is derived from the Wireless 

Power Transmission technology. It converts the RF 

energy captured from the surrounding environment into 

available direct current (DC) power by the rectenna 

technology. Rectenna is the core of RF energy harvesting 

system, and composed of receiving antenna and rectifier 

circuit. The performance of receiving antenna will 

directly affect the capacity of RF energy harvesting. 

Compared to other power sources, the ambient RF power 

density is still weak. Therefore, the utilization of 

multi-band antenna is particularly important to improve 

the power conversion. For the polarization characteristics 

of the antenna, since the multipath effects of the 

electromagnetic waves in the environment can lead to a 

depolarization phenomenon, the electromagnetic waves 

have an unknown angle of incidence when entering the 

antenna, which may reduce the efficiency of the rectenna. 

In order to maximize the overall efficiency and reduce 

the polarization loss, it is usually preferred to have an 

antenna with a circularly polarized characteristic with 

respect to the design of the receiving antenna. At present, 

antennas for RF energy harvesting generally have 

achieved single characteristic of multi-band [2-5] or 

circular polarization [6], and dual-band circular 

polarization features with a small frequency ratio [7-8]. A 

microstrip antenna at 2.45 GHz / 5 GHz was presented 

in[2]. In [3], a circular patch antenna was used to achieve 

dual band at 1.95 GHz / 2.45 GHz. In [4], a slot loaded 

folded dipole antenna was designed to achieve 915 MHz / 

2.45 GHz dual-band. In [5], a broadband 1x4 quasi-Yagi 

antenna array was adopted to realize a dual-band of 1.85 

GHz / 2.15 GHz. In [6], a dual-circular polarization at 

2.45 GHz was achieved by a square patch antenna with a 

cross-slot. [7] and [8] separately achieved 2.45 GHz/5.8 

GHz, CDMA/GSM band dual-band circular polarization. 

Currently, there are only a few antennas that hold the 

performance of the dual-band circularly polarized at 915 

MHz/2.45 GHz. A microstrip line that adopts sequential 

rotation technique and coaxial cable respectively fed four 

inverted-F meandered monopole circular arrays and a 

miniaturized square patch antenna [9]. A serial feed 

microstrip line coupled diamond-shaped slot to the square 

ring and cross-slot to the square patch to achieve 

dual-band [10]. In [11], an aperture coupled antenna was 

fed by a metamaterial branch-line coupler. The 

aforementioned antennas have the disadvantage of 

structural complexity and high cost. In addition, as the 

radio-frequency identification system operates at 915 

MHz / 2.45 GHz, and wireless terminal equipment at 

2.45 GHz such as the wireless routers, Bluetooth, laptops 

are widely used, the frequencies of 915 MHz and 2.45 

GHz become the main bands to harvest the ambient RF 

energy for RF energy harvesting. Therefore, in this paper, 

an antenna with a simple structure, low-cost and the 

characteristics of dual-band and circular polarization at 

915 MHz and 2.45 GHz, is designed to enhance the 

capacity of RF energy harvesting.  
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II. ANTENNA DESIGN 

Compared with other types of antenna, microstrip 

antennas possess advantages of low profile, small volume, 

light weight, being fabricated together with the feed 

network, and being massively produced by the printed 

circuit board technology. Additionally, it is easy to meet 

the requirements of dual-band, circular polarization and 

dual polarization [12]. Multi-band antenna can generally 

be achieved by multi-radiating patch and single radiating 

patch methods. Multi-radiating patch method refers to a 

number of radiating patches with different resonant 

frequencies superimposed to achieve multi-band, while, 

single radiating patch method means only a single 

radiating patch is used to achieve multi-band, by the 

means of reactance loaded or stimulating the work of 

different resonant modes simultaneously [13]. Although 

the single radiating patch method is simple, it has the 

disadvantages of narrow bandwidth and low gain. Thus, 

multi-radiating patch method is more suitable for the 

design of broadband, high gain and dual-band antenna. 

The common realization methods of circular polarization 

microstrip antenna include single-feed point, multi-feed 

point and multi-element methods. The single-feed point 

method generates a pair of orthogonal polarized 

degenerate modes to radiate circularly polarized waves 

by the effect of perturbation, without additional feed 

network; the dual-feed point method excites a pair of 

orthogonal polarized degenerate modes with equal 

amplitude and orthogonal phase by a dual-feed network 

to realize circular polarization. In comparison with the 

single feed point method, the dual-feed point method can 

reduce the deterioration of the axial ratio (AR), so the 

antenna can obtain a wider circularly polarized 

bandwidth. Multi-elements method refers to using 

linearly polarized elements for circular polarization 

radiation [14], which is a microstrip antenna array. This 

structure is complicated and costly. 

It is difficult for single patch loading method to realize 

the dual-band circular polarization since the big ratio of 

2.45 GHz to 915 MHz, which is equal to 2.66. Therefore, 

in this paper, a stacked multi-patch structure and the 

dual-feed network are utilized to realize the dual-band 

and circular polarization performance of the antenna, 

respectively. 

(1) Dual-feed network 

This paper adopts a compact feed network with a 

circuit structure consisting of a broadband 3 dB 

Wilkinson power splitter [15] and a broadband 90 ° phase 

shifter [16], which are cascaded to form a 3-port feed 

network. The structure is shown in “Fig. 1”. 
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Figure 1. Structure of the dual-feed network 

The power splitter consists of two coupled lines and 

two isolation resistors R1 and R2. The phase shifter is 

composed of two paths: one path is the coupled line with 

a stepped impedance open-ended stub, and the other path 

is a microstrip transmission line. The even-mode, 

odd-mode characteristic impedances and electrical 

lengths of coupled lines are denoted by Zie, Zio, θi (i=1, 2, 

3); the characteristic impedances and electrical lengths of 

microstrip transmission lines are denoted by Zj, θj (j=4, 5, 

6), respectively. Z0=50 Ω is the characteristic impedance 

of the input and output ports of the feed network. The 

design parameters of the feed network are calculated by 

reference to the theoretical formula in [15-16] : Z1e=81.6 

Ω, Z1o=43.3 Ω, Z2e=61.3 Ω, Z2o=40.1 Ω, Z3e=41.7 Ω, 

Z3o=26.1 Ω, Z4=67.5 Ω, Z5=22.5 Ω, Z6=50 Ω, 

θ1=θ2=θ3=θ4= θ5=90°, θ6=270°, R1=63 Ω, R2=565 Ω. 

Simulated and optimized by circuit simulation 

software Advanced Design System (ADS), the dual-feed 

network is fabricated on the FR4 substrate with the 

relative dielectric constant εr=4.4, the loss tangent value 

tanδ=0.02 and the thickness of the substrate H2=1.6 mm. 

The photograph of the fabricated dual-feed network is 

shown in “Fig. 2”. The S parameters and phase difference 

are measured by the vector network analyzer. The results 

of simulated and measured S parameters/phase difference 

of the dual-feed network are shown in “Fig. 3”. For the 

return loss S11 below -10 dB, the simulated and 

measured results are from 800 MHz to 2.53 GHz and 

from 800 MHz to 2.6 GHz, respectively. In the frequency 

range of 855 MHz to 2.45 GHz, the simulation and 

measured transmission coefficients from the input port to 

the output port S21 (S31) = -3.8  dB ± 0.5 dB. At two 

frequency points of 915 MHz and 2.45 GHz, the results 

of the simulated and measured phase difference between 

output ports are within the range of 90°±2°.  

 

Figure 2. Photograph of the fabricated dual-feed network 
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Figure 3. Simulated and measured S parameters /phase 

difference of the dual-feed network 

The results show that the feed network can provide 

feed signals with equal amplitude and orthogonal phase 

at 915 MHz and 2.45 GHz, respectively, which lays the 

basis for the realization of dual-band circularly polarized 

antenna. 

(2) Antenna structure 

The proposed antenna is simulated and optimized by 

the High-Frequency Structure Simulator (HFSS) 15.0. 

The structure of the antenna and the photograph of the 

fabricated antenna are shown in “Fig. 4” and “Fig. 5”, 

respectively. Overlooking the antenna, there are 

successively radiating patches, air layer, a ground plane 

with two orthogonally positioned H-shaped slots [17], 
dielectric substrate and feed network. Two concentric 

square ring aluminum sheets are used as radiating patches 

with the thickness of H1 = 1 mm. The outer and inner 

sides of a large square ring radiating patch are W6=107 

mm and W7=67 mm for the resonant frequency at 915 

MHz, the outer and inner sides of small square ring 

radiating patch are W8=41 mm and W9=21 mm for the 

resonant frequency at 2.45 GHz. The ground plane is 

printed on the upper surface of the FR4 dielectric 

substrate by the printed circuit board technique. The 

H-shaped slot consists of a transverse slot (width A1=2 

mm, length B1=24 mm) and two longitudinal slots (width 

Ai, length Bi, i=2, 3, where A2=3 mm, B2=15 mm, A3=3 

mm, B3=14 mm). The coupling strength of the gap 

between the two patches and the feed network is changed 

by adjusting the length and width of the H-shaped slot. 

There is an air layer with the height of H=7 mm between 

the patches and the ground plane, which can increase the 

bandwidth of antenna and enhance the antenna gain. The 

feed network is etched on the lower surface of the 

dielectric substrate, of which feed ports are directly 

below the H-shaped slot and located at the middle of the 

gap between the two rings. The distance from the ports to 

the center point O of the dielectric substrate is L = (W7 + 

W8) / 4 = 27 mm. Two radiating patches are coupled fed 

through the slots and the air layer. To obtain the 

impedance matching, the stub with the length of 

D1+D2=23 mm is extended in the feeding port. Finally, 

according to the design parameters, the antenna is 

fabricated and shown in “Fig. 5”.  

(a) 

 
(b) 

Figure 4. Structure of the proposed antenna. (a) Side view. 

(b) Feeding dielectric layer 

 

Figure 5. Photograph of the fabricated antenna 

III. ANALYSIS OF ANTENNA SIMULATION AND 

MEASUREMENT RESULTS 

The S11 parameter of the fabricated antenna is 

measured by Agilent E5070B vector network analyzer. 

The simulation and measurement results of the S11 

parameter of the antenna are shown in “Fig. 6”. For S11 

below -10 dB, the simulated relative impedance 

bandwidths (IBW) are 29.8% from 703 MHz to 949 MHz 

for the lower band and 10.9% from 2.354 GHz to 2.626 

GHz for the higher band. The simulated S11 parameters 

at the frequency points of 915 MHz and 2.45 GHz are 

-17.7 dB and -13 dB, respectively. The measured relative 

impedance bandwidths are 26.7% from 705 MHz to 922 

MHz for the lower band and 17.2% from 2.23 GHz to 

2.65 GHz for the higher band. The measured S11 

parameters at the frequency points of 915 MHz and 2.45 

GHz are -14.377 dB and -32.351dB, respectively. The 

proposed antenna covers the dual-band of 915 MHz and 

2.45 GHz. The simulation and measurement results are 

reasonably consistent, but due to the error during the 
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process of antenna cutting and welding, there is a certain 

degree of difference.  
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Figure 6. Simulated and measured S11 parameters of the 

proposed antenna 

“Fig. 7” is the antenna gain patterns obtained by 

simulation. The simulation results show that the peak 

gain of the antenna at 915 MHz is 3.14 dBi, and the peak 

gain of the antenna at 2.45 GHz is 8.29 dBi.  
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Figure 7. Simulated gain patterns of the proposed antenna 

“Fig. 8” is the simulation results of the axial ratio of 

two frequency bands of 915 MHz and 2.45 GHz. In the 

simulation results, the axial ratio at the 915 MHz 

frequency point is 1.71 dB, and that at the 2.45 GHz 

frequency point is 1.81 dB. The axial ratios are below 3 

dB, and the axial ratio bandwidths (ABW) of 915 MHz 

and 2.45 GHz are 8.5% from 861 MHz to 937 MHz and 

16.8% from 2.125 GHz to 2.514 GHz, respectively. 
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Figure 8. Axial ratio of the proposed antenna 

For further evaluating the circularly polarized 

performance of the proposed antenna, the patterns of the 

antenna in the xoz and yoz planes are simulated at the 

two frequency bands at 915 MHz and 2.45 GHz, 

respectively. “Fig. 9” and “Fig. 10” demonstrate that the 

cross polarization discriminations of the antenna in the 

direction of the main radiation at the 915 MHz and 2.45 

GHz are 23.3 dB and 22.6 dB separately, which are more 

than 15 dB, indicating that the antenna has excellent 

right-hand circular polarization (RHCP) performance at 

the dual-band 915 MHz and 2.45 GHz. 
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Figure 9. Simulated radiation patterns at 915 MHz in xoz 

and yoz planes 
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Figure 10. Simulated radiation patterns at 2.45 GHz in 

xoz and yoz planes 

Finally, the proposed dual-band circularly polarized 

antenna in this paper is compared with the same type of 

antennas in terms of the impedance bandwidths, axial 

ratio bandwidths and peak gains. Table 1 shows the 

comparison results. 

TABLE 1 
Comparison of antenna performances 

Literature Bands 

(GHz) 

IBW  

(%) 

ABW 

(%) 

Gain 

(dBi) 

[9] 0.915 5 3.1 -0.6 

2.44 3 0.9 1.2 

[10] 0.92 4.3 6.5 5 

2.45 10 5.8 9.3 

[11] 0.92 2.2 4.4 8.5 

2.45 4.3 8.2 11.4 

This paper 0.915 29.8 8.5 3.14 

2.45 10.9 16.8 8.29 

It can be seen from the comparison that the antenna 

impedance bandwidths and the axial ratio bandwidths in 
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this paper have significant advantages in the same type of 

antennas. Thus, the antenna designed in this paper has 

good comprehensive performances.   

IV. CONCLUSION 

In this paper, a dual-band circularly polarized antenna 

at 915 MHz / 2.45 GHz is designed for RF energy 

harvesting. The feed network composes of the broadband 

coupling Wilkinson power splitter and the broadband 

phase shifter which provides two feed signals with equal 

amplitude and orthogonal phase. The antenna with two 

concentric square ring patches and orthogonal H-shaped 

coupling slots achieves the desired results of dual-band 

circular polarization at 915 MHz and 2.45 GHz. The 

measured relative impedance bandwidths are 26.7% and 

17.2%, respectively. The simulated axial ratios are 1.71 

dB and 1.81 dB, and the peak gains are 3.14 dBi and 8.29 

dBi at 915 MHz and 2.45 GHz, respectively. The antenna 

designed in this paper has the advantages of easy 

fabrication, low cost, convenient installation in RF 

energy harvesting, and can also improve the capacity of 

radio frequency energy harvesting. 
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