
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

 

 

King’s Research Portal 
 

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):
Cao, C., Zhang, X., Song, C., Georgiadis, A., & Goussetis, G. (Accepted/In press). A Highly Integrated Multi-
Polarization Wideband Rectenna for Simultaneous Wireless Information and Power Transfer (SWIPT). IEEE
TRANSACTIONS ON ANTENNAS AND PROPAGATION.

Citing this paper
Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volume/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

•Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
•You may not further distribute the material or use it for any profit-making activity or commercial gain
•You may freely distribute the URL identifying the publication in the Research Portal
Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 08. Oct. 2023

https://kclpure.kcl.ac.uk/portal/en/publications/fa9daf80-cc51-404a-a2a3-a5b69c7d9fbe


1 
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 

 

A Highly Integrated Multi-Polarization Wideband 

Rectenna for Simultaneous Wireless Information and 

Power Transfer (SWIPT) 
 

Chanfang Cao, Xuanming Zhang, Chaoyun Song, Senior Member, IEEE, Apostolos Georgiadis,  

Fellow, IEEE, and George Goussetis, Senior Member, IEEE 

 
 Abstract—Simultaneous wireless information and power transfer 

(SWIPT) presents a paradigm shift in future wireless sensing 

networks (WSNs) and industrial Internet of Things (IoT). A 

robust receiver capable of effectively capturing random signals 

from diverse environments is of utmost importance. To address 

this, we propose a multi-polarization wideband rectenna design, 

which integrates a novel symmetrical five-port hybrid-ring 

coupler and highly efficient Class-F rectifier in a compact 

manner. Due to the high symmetry between the ring coupler and 

the antenna, the impedance bandwidth (S11<-10 dB) and the axial 

ratio bandwidth (AR< 3 dB) of the rectenna is highly coincident 

for different polarization methods, thereby effectively improving 

the operational stability and robustness of the multi-polarization 

rectenna. Our design has demonstrated over 46.3 % operational 

bandwidth (4.12-6.6 GHz) and over 10% circular polarization 

(CP) bandwidth. The wireless power receiving port has more 

than 55.6 % (up to 76.5 %) conversion efficiency over a power 

dynamic range of 0 - 10 dBm, while the optimal power routing of 

different ports can be obtained via the adjustment of the five-port 

coupler. Our wideband receiver excels in robust signal reception 

of arbitrary polarization waves, making it suitable for a range of 

real-world application scenarios in WSN and industrial IoT. It 

enables optimal power routing and efficient wireless powering, 

enhancing the overall performance of future wireless sensing 

networks and IoT applications. 
Index Terms—Information and power distribution, multi-

polarization, rectenna, rectifiers, Simultaneous Wireless 

Information and Power Transfer. 

 

I. INTRODUCTION 

ITH the explosion of 5G and wireless 

communication technologies, electromagnetic 

energy or radio frequency (RF) power over 

microwave (MW) bands has been widely distributed in 

domestic living environment [1].  
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Fig. 1. SWIPT technology in industrial and commercial applications. 

Academic and industrial activities are devoted to the 

harvesting of such energy, i.e. wireless power transfer (WPT) 

and environmental ambient energy harvesting (AEH) 

technologies, thereby becoming a research priority [2]-[4]. 

One of the key components is the rectenna, which is capable 

of converting the majority of RF energy into direct current 

(DC). More recently, emerging iterations between the IoT and 

artificial intelligence (AI) have facilitated the convergence of 

wireless communication and WPT technologies. A concept 

known as Simultaneous Wireless Information and Power 

Transfer (SWIPT) has been formulated [5]. The SWIPT could 

enable a continuous low-power way to provide energy for the 

terminal electronic devices using a battery-free fashion. The 

rectenna for SWIPT has been a key device to enable the 

integration of continuous access to power into the 

communication network of the Internet of Everything (IoE). 

Traditional ambient power density for radio communication is 

well below -40 dBm/cm2. However, due to the development of 

5G technology, the power density in space is rapidly 

increasing with a higher EIRP (e.g., 53 dBm for 5.8 GHz), 

which makes it gradually realistic to receive higher power 

(e.g., -10 dBm to 5 dBm) in certain locations and within 

reasonable distance from the base stations [4]. Further, the 

analysis of the tradeoff between received power and 

information is also of importance (see Fig. 1). For SWIPT 

application, the signal transmitter could radiate an increased 

power to dedicated location for an effective wireless charging 

purpose. 

Conventional rectennas need the effective interconnection 

between antenna and rectifier to achieve RF to DC conversion 

for electromagnetic energy collection [6]-[11]. In order to 

W 
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enable the function of wireless information and power transfer 

(WIPT), some researchers have used dual/multi-port antennas 

in combination with rectifying circuits [11], [12]. Further, all-

polarized rectennas have also been implemented to be able to 

collect arbitrarily polarized waves as much as possible from 

the surrounding environment [13]. For single port rectennas, 

only one port can be combined with a rectifying circuit. For 

instance, the output port of the antenna needs to be switched 

for different purposes in time, which may cause delay slightly 

[9]. When the extra port is added, the rectenna not only 

collects energy but also receives information simultaneously. 

With the aid of a novel six-port coupler, the rectenna could 

eventually be able to collect the all-polarized wave [13]. 

Unwanted power loss due to polarization mismatch could be 

effectively reduced by switching among multi-polarizations 

[14]-[17]. Recently, some papers have realized the SWIPT by 

exploiting multi-port structures [18]-[21]. In [20], the ring 

antenna was connected to a 3dB hybrid coupler to switch 

between energy harvesting and information transmission at 

multi-polarizations, resulting in a narrower bandwidth of 

around 3.5% (5.77-5.98 GHz). However, the proposed 

rectenna is not available for polarization diversities when it 

was fixed to the rectifier. In particular, if the designed 

rectenna is operated in linear polarization (LP), both ports will 

be needed for rectifiers, therefore; it might not be possible to 

collect information and energy at the same time. In addition, 

the flexible distribution of the received information and power 

is difficult due to the limitations of the physical structure of 

the coupler [22]. 

The above analysis shows that traditional rectennas can 

only achieve energy collection, and the majority of rectennas 

applied to WIPT cannot achieve SWIPT. Although there are 

published rectennas for SWIPT applications, they still fail 

short to achieve all polarization of power and information 

transmission. At the same time, the robustness of the SWIPT 

rectennas is weak, which may make the application 

environment limited. Finally, there are also a few research that 

provides a detailed analysis of the power and information 

tradeoff received by SWIPT rectennas as well as the 

mitigation solutions. 

In this paper, we present a novel all-polarization compact 

wideband high gain rectenna designed for SWIPT with a 

power tradeoff analysis. The main objective of the proposed 

rectenna is to achieve high-efficiency DC output within a 

defined range of medium power levels (10 dBm). A crucial 

aspect of our design is that the rectenna is co-designed as a 

whole unit, incorporating a CP antenna, hybrid coupler, and 

Class-F rectifier. By doing so, we overcome the operating 

frequency band limitations commonly found in conventional 

50-ohm systems. The overall symmetry of our rectenna design 

is a key feature, which results in minimal frequency shifts in 

various indicators, including impedance bandwidth (IBW) and 

axial ratio bandwidth (ARBW), under left-hand circular 

polarization (LHCP), right-hand circular polarization (RHCP), 

and LP. This symmetry ensures the rectenna's stable and 

reliable operation, regardless of the polarization employed. 

 
Fig. 2. Structure of multi-polarization high-gain wideband antenna. (a) Top 

view. (b) Side view. (c) Structure of the circuit hybrid ring. (L1=75mm, 

L2=22mm, L3=5.8mm, L4=4mm, L5=70mm, H1=1.2mm, H2=6.5mm, 

H3=0.78mm, R1=6.76mm, R2=4.84mm). 

 
 

Fig. 3. Evolution of the hybrid-ring coupler geometry. (a) 4 ports and. (b) 5 

ports hybrid-ring coupler. 

 

By breaking the barriers of conventional 50-ohm systems 

and leveraging the advantages of our co-designed CP antenna, 

hybrid coupler, and Class-F rectifier, our proposed rectenna 

achieves exceptional performance in terms of wideband 

operation, high gain, and efficient power conversion. The 

results of our analysis demonstrate the rectenna's ability to 

deliver stable and reliable operation, making it a promising 

candidate for SWIPT applications that demand both high 

efficiency and wide bandwidth. Ultimately, the strongly robust 

receiver is advantageous in terms of structural/operational 

simplicity, all-polarized wave collection, and accurate 

distribution of power and information compared to the state-

of-the-art receivers for SWIPT. The brief of the paper is 

organized as follows. Section II describes the structure of the 

all-polarized receiver antenna and provides a detailed 

discussion of the evolution of the symmetrical four-port ring 

coupler to a five-port structure. At the same time, we also 

show the basic model and structure of the rectifying circuit. 

Section III focuses on further improvements to the ring 

coupler, which can be varied in various ways to allow precise 

distribution of the power received by the antenna. Finally, 

Section IV gives a summary of the performance of the 

robustly designed receiver. 

II. ALL-POLARIZATION RECTENNA GEOMETRY AND DESIGN  

The proposed rectenna consists of a square metal sheet on 

the upper layer, a circular five-port feed network on the lower 

layer and the high efficiency rectifying circuit. The receiving 

antenna is multi-polarized by controlling two ports on the feed 

network and one port integrated with the rectifying circuit. 
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Fig. 4. Simulation of the S-parameters of a 4-port and 5-port hybrid-ring 

coupler and the phase difference between port 4 and 5 at a center frequency of 

5 GHz. 

 

 
 

 

Fig. 5. Direction and distribution of signal/energy transfer for each port of the 

5-port hybrid-ring coupler. (a) Distribution of energy and signal at the 

remaining three ports when port 1/2 is excited. (b) Distribution of 
energy/signal at the remaining three ports when Port 4 and Port 5 are excited. 

 

A. Structure of Wideband Antenna  

Fig. 2(a) demonstrates the designed antenna with three 

input/output ports, where the feed network is fabricated on a 

Rogers 4730 substrate (εr = 3.00, tan δ = 0.0028) with a 

thickness of 0.78 mm. The copper conductor length L2 of the 

antenna has a significant effect on the operating frequency. 

When L2 is chosen as 22mm, the center frequency of the 

antenna is 5 GHz. A slot of length L4 is cut in the center of the 

antenna to achieve better impedance matching. The theoretical 

center frequency (f0) and parameters L2, L3, the following 

equations can be used. 

𝑓0 =
𝑐

2(𝐿2 + 𝐿3)
 (𝐺𝐻𝑧) (1) 

To guarantee the gain of the proposed antenna, the air layer 

used can effectively reduce the loss caused by the substrate,  

the height of the air layer (H2) is shown in Fig. 2(b). Fig. 2(c) 

depicts the structure of the coupler in detail. Port 4 and port 5 

are the antenna feed ports with a quarter wavelength distance 

between them. The ring coupler has a very symmetrical 

structure and when connected to the upper metal sheet, 

simultaneous or non-simultaneous excitation of the two ports 

(Port 1, Port 2) enables multi-polarization antenna [16]. The 

rectifying circuit is then combined with the last port (Port 3) to 

integrate the antenna with the rectifying circuit. This is 

followed by a discussion and analysis of the design of the feed 

network and the specific working mechanism. 

The chosen 4-port hybrid-ring coupler has the advantages of 

easy impedance matching, a wider impedance bandwidth, and 

a smaller size for integration compared to conventional 

couplers [23]-[29]. As illustrated by (2) and (3), to achieve an  

 
Fig. 6. Simulated and measured results of the S-parameters of the antenna in 

various operating modes (mode 1, mode 2). Plot of the gain and radiation 

direction of the antenna at the center frequency of 5 GHz. 
 

 
Fig. 7. Simulated and measured ARs at the two modes for CP and LP. 

 

impedance value of 50 Ω for the input/output arm, the input 

impedance of the 4 ports hybrid-ring coupler can be 

calculated, where h, w, and εr means substrate’s thickness, a 

width of the metal respectively, and relative permittivity. 

 

𝑍0 =

{
 
 

 
 
60

√𝜀𝑟
𝐼𝑛 (

8ℎ

𝑤
+
𝑤

4ℎ
)                     𝑖𝑓 𝑤 ℎ⁄ ≤ 1

120𝜋

√𝜀𝑟𝑒[𝑤 ℎ⁄ + 1.39 + 0.67𝐼𝑛(𝑤 ℎ⁄ + 1.44)]

 

 

 

 

(2) 

𝜀𝑟𝑒 =
𝜀𝑟
2
+
𝜀𝑟 − 1

2
(1 +

12ℎ

𝑤
)
−
1
2

 
 

(3) 

 

By adding a port to the 4 ports hybrid-ring coupler for 

connection to the rectifying circuit, the integration of the 

antenna with the rectifying circuit can be achieved, as well as 

the multi-polarization of the antenna (see Fig. 3). It also lays  

the foundation for SWIPT and the subsequent distribution of 

energy and information. Fig. 4 depicts the IBW (S11<-20 dB)  
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Fig. 8. Simulated and measured 2D radiation patterns of the designed antenna 

at 5GHz. (a) RHCP (b) LHCP (c) LP. 

 

 
Fig. 9. (a) Medium input power at 10 dBm. (b)Basic topology of the Class-F 

rectifier. 

 

Of the 4 ports hybrid-ring coupler is 26.9% (4.37 GHz-5.73 

GHz) and the IBW (S11<-20 dB) of the 5 ports hybrid-ring 

coupler is 20.6 % (4.54 GHz-5.58 GHz). It can also be 

observed that the phase difference when the 4/5 port hybrid-

ring coupler are all fed by port 1 (∠ S15 - ∠ S14) is 88°/92° at 

the center frequency of 5 GHz, close to the required 90° 

difference. The measured insertion loss of the coupler is less 

than XXX dB for all ports, thereby ensuring highly efficient 

power delivery from the antenna to rectifier.  

The direction of signal (energy) transmission for each port 

of the 5-port hybrid-ring coupler is given in Fig. 5. In addition, 

due to the symmetrical construction of the hybrid-ring coupler, 

the output impedances are all close to 50 Ω and each port can 

be matched to the SMA connector. The proposed receiving 

antenna can operate in a variety of modes. 

1) Mode 1: With one of the port (Port 1/Port 2) is excited 

and the other port (Port 2/Port 1) is connected matched 

load, the proposed antenna working in Mode 1. Fig. 5(a) 

and 5(b) show the difference in electrical length between  

port 4 and port 5 by a quarter of a wavelength (±90°), 

thus enabling the antenna to transmit/receive R/LHCP 

waves. Also, port 3 can recycle energy or signal from 

port 1/2 when the antenna is at the transmitting end. 

Thus, the R/LHCP antenna can be realized when port 1 

or port 2 is excited alone. 

2) Mode 2: With two ports (Port 1 and Port 2) are utilized in 

equal amplitude and the same phase to excite the antenna 

simultaneously, the currents of the two ports in opposite 

directions will be offset when passing through the 

circulator, and the remaining currents will reach port 4 

and port 5 ports respectively. The antenna radiates 

electromagnetic waves for LP, named Mode 2. The 

designed feed network has simple requirements for the 

input signal, without controlling the antenna polarization 

by different phases, and a compact structure [20]. 

After simulation and measurement, S-parameters versus 

frequency are shown in Fig. 6. The proposed antenna of two 

modes is realized bandwidth (S11<-10 dB) of 46.3% (4.12-

6.6GHz) in the simulation. The IBW of the L/RHCP and LP 

antennas were measured to be 45.7% (4.22 -6.72 GHz), 45.3% 

(4.24 -6.72 GHz), and 47.2% (4.18 GHz-6.76 GHz) 

respectively. The measured results of the proposed antenna 

obtained are consistent with the computer simulation. The 

proposed rectenna is a remarkable integration that enables 

simultaneous transmission of information and power. It 

incorporates a three-port circular coupler and rectifying circuit 

into a single entity. The data provided pertains to the isolation 

between each input/output port and the rectifying circuit input 

port under three polarization modes. When we excite port 1 of 

the rectenna, it is polarized in RHCP. The isolation between 

output port 3 (connected to the rectifying circuit) and port 1 

(S13 isolation) is depicted in Fig. 6. At the center frequency of 

5 GHz, the value of S13 is -16.8 dB, and in the frequency 

band of 4.8-5.2 GHz, the isolation between port 1 and port 3 

remains below -15 dB. Due to the antenna structure's 

symmetry, when port 2 is excited, indicating LHCP 

polarization, the isolation between port 2 and the rectifier 

circuit is similar to that observed in the RHCP mode. 

Furthermore, when both port 1 and port 2 are excited 

simultaneously, resulting in the rectenna being polarized in an 

LP manner, the isolation of both ports remains below -15 dB 

in the 4.8-5.2 GHz frequency band. These results underscore 

the fact that the power and information received by this 

rectenna experience minimal interference with each other. 

This enhanced isolation capability ensures efficient and 

reliable performance during simultaneous information and 

power transfer. Finally, the proposed antenna in both modes 

has a high gain, with values up to 7.8 dBi at the center 

frequency of 5 GHz.  

The simulated and measured 3 dB AR bandwidths for 

L/RHCP antenna at θ = 0° are 10.3 % (4.72-5.23 GHz)/10%  
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Fig. 10. Class-F low/high-power (0/10 dBm) rectifying circuit structure. 

(L1=8.98mm, L2=2.14mm, L3=2.38mm, L4=1.81mm, L5=3.55mm, 

L6=7.83mm, W1=6.36mm, W2=0.74mm).  
 

 
Fig. 11. Simulated (a) Input impedance of the designed receiving antenna. (b) 

Input impedance of the proposed rectifying circuit. 

 

(4.72-5.22 GHz), and 9.9% (4.8-5.3 GHz)/ 9.8% (4.78-5.27  

GHz), respectively (See Fig. 7). The AR at the center 

frequency of 5 GHz is 1.2 dB/1.3 dB (L/RHCP antenna). The 

above data proves that the ARBW coincides well with the 

L/RHCP of the antenna and that a wide ARBW can be 

achieved at the center frequency of 5 GHz. In addition, for the  

frequency range 4.7-5.2 GHz, the ARs are all greater than 30 

dB for the LP antenna, verifying that the design allows the 

antenna to produce multi- polarization patterns. 

To describe more clearly the polarization and radiation 

mode of the designed antenna, the radiation direction graph of 

the L/RHCP, and LP antenna was simulated and measured 

respectively, as shown in Fig. 8. The design coordinates of the 

antenna are also given. Fig. 8(a) confirms the radiation 

patterns of the designed antenna, at phi=0°, the cross-

polarization of the proposed antenna is more than 21dB, and at 

phi=90°, the cross-polarization of the antenna is more than 

22dB. When feeding port 1, the antenna can stably radiate 

RHCP, which is consistent with the results discussed above. 

Similarly, the cross-polarization of the antenna is more than 

21 dB at phi=0°/90° (see Fig. 8(b)). This indicates that the 

proposed antenna stably radiates LHCP. At the same time, the 

implementation of a LP receiver antenna can also be 

demonstrated, as shown in Fig. 8(c).  

In summary, the calculations and measurements of the S-

parameters, ARs and radiation patterns demonstrate the 

designed antenna has good robustness and the performance 

indicators are in general agreement with the measured ones. 

B. Medium Power Rectifying Circuit Design 

To improve rectification efficiency, Class-F rectifiers draw 

on the design of high-efficiency non-linear power amplifiers 

[30]-[35]. High efficiency rectifying circuits are also an 

important part of the rectennas used for SWIPT. A model of 

the rectifying circuit connected to antenna port 3 is shown in 

Fig. 9. This Class-F rectifying circuit model consists mainly of 

resistive load, DC-pass filter, a matching network, and 

rectifying diode.  

Typical single shunt topology includes the addition of a 

DC-pass filter before the load resistor, serving to filter out 1st, 

2nd, and 3rd order energy. Additionally, a harmonic rejecting 

filter is placed before the rectifying circuit, not only to match 

the impedance of the diode and the antenna but also to 

suppress the 2nd and 3rd harmonics. It is worth noting that 

this approach to harmonic elimination may lead to significant 

insertion losses between the DC-pass filter and the harmonic 

termination network. 

To address this issue and enhance the rectification 

efficiency of the diode while minimizing insertion losses, a 

modified single parallel structure is utilized (Fig. 9(b)). This 

new configuration involves placing the harmonic termination 

network, initially used for suppressing the 2nd and 3rd 

harmonics, before the diode. By doing so, the rectenna 

achieves improved performance and better rectification 

efficiency. This design alteration optimizes the harmonic 

rejection capabilities while reducing the losses introduced by 

the filters, resulting in a more efficient and effective rectifying 

circuit. The input impedance ZH (f) at the harmonic 

termination network can be expressed as shown 

𝑍𝐻(𝑓) = 0, 𝑓 = 𝑛𝑓1, 𝑛: 𝑒𝑣𝑒𝑛 

𝑍𝐻(𝑓) = ∞, 𝑓 = 𝑛𝑓1, 𝑛: 𝑜𝑑𝑑 

 

 

(4) 

When a nonlinear device, such as a diode, generates even 

order harmonics, it can be considered as a short termination, 

while odd harmonics result in an open termination. In practical 

design, suppressing the 3rd harmonic is often sufficient, and 

achieving this requires a harmonic termination network with 

two branches of different lengths to effectively suppress the 

2nd and 3rd harmonics. By implementing this approach, the 

2nd and 3rd harmonics produced by the diode are reflected 

back to the diode for re-rectification. As a result, these 

harmonics are practically eliminated at the pass-through filter, 

and the insertion loss associated with the harmonic 

termination network is significantly reduced [35]. This design 

strategy optimizes the harmonic rejection capabilities, 

resulting in a more efficient rectification process with 

minimized distortion and losses. It is a practical and effective 

way to achieve better performance in rectenna systems. 

As technologies such as the Internet of Things and 5G 

continue to develop, there is a lot of microwave energy in 

people's daily lives. These energies are both low-power energy 

such as routers (WIFI) and radio frequency tags (RFID), and 

high-power energy such as base stations. Therefore, the 

rectifying circuit designed in this paper is capable of efficient 

rectification at a medium high power (10 dBm) and is of 

contemporary and future importance. The following is a 

detailed description of calculating the diode efficiency in the 

rectifier circuit at medium power (See Fig. 9 (a)). 
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TABLE I 

SIMULATED INPUT IMPEDANCES 

           Receiving antenna                                  Rectifying circuit 

Freq. Input impedance Freq. Input impedance 
4.8 GHz 41.79+j*6.45 Ω 4.8 GHz 21.61−j*7.93 Ω 

4.9 GHz 42.79+j*9.18 Ω 4.9 GHz 35.21−j*2.92 Ω 

5.0 GHz 44.12+j*11.67 Ω 5.0 GHz 49.05−j*8.57 Ω 
5.1 GHz 45.84+j*13.90 Ω 5.1 GHz 56.30−j*35.69 Ω 

5.2 GHz 48.00+j*15.82 Ω 5.2 GHz 40.68−j*46.85 Ω 

 

 
Fig. 12. Simulated S-parameters of the designed rectenna versus frequency. (a) 
The relationship between the five sampling frequencies and the S-parameters. 

(b) Variation of S-parameter values at different input powers. 

 
 

 
Fig. 13. Simulated and measured RF to DC conversion efficiency Eff of the 

proposed rectenna. (a) Eff versus input power at 5 GHz. (b) Eff versus 

frequency under the input power of 0 dBm and 10 dBm. 

 

At medium input power, to predict the diode voltage (Vd) 

and current (Id), the following equations can be used (5) and 

(6). 

𝑉𝑑_𝑏𝑟 = {
𝐼𝑃𝑅𝑆 𝑠𝑖𝑛(𝜃) − 𝑉𝑏𝑖 ,            − 𝜋 < 𝜃 < 0

𝑉𝑏𝑟 + 𝐼𝑅𝑅𝑆 𝑠𝑖𝑛(𝜃)                  0 < 𝜃 < 𝜋
 

 

(5) 

𝐼𝑑_𝑏𝑟 = {
𝐼𝑃 𝑠𝑖𝑛(𝜃) ,                            − 𝜋 < 𝜃 < 0

𝐼𝑅 𝑠𝑖𝑛(𝜃) ,                                0 < 𝜃 < 𝜋
 (6) 

The 𝑃𝑂𝑈𝑇  can be calculated by 𝑃𝑂𝑈𝑇 = 2(𝐼𝑃 −
𝐼𝑅)(−2𝐼𝑃𝑅𝑆 + 2𝐼𝑅𝑅𝑆 − 𝜋𝑉𝑏𝑖 + 𝜋𝑉𝑏𝑟) , the 𝑃𝐿𝑂𝑆𝑆,𝐶𝑗  can be 

calculated by  𝑃𝐿𝑂𝑆𝑆,𝐶𝑗 = 22(𝐼𝑃 − 𝐼𝑅)(−2𝐼𝑃𝑅𝑆 + 2𝐼𝑅𝑅𝑆 −

𝜋𝑉𝑏𝑖 + 𝜋𝑉𝑏𝑟) , and the 𝑃𝐿𝑂𝑆𝑆,𝑅𝑠,𝑉𝑏𝑖  can be calculated by 

𝑃𝐿𝑂𝑆𝑆,𝑅𝑠,𝑉𝑏𝑖 =
16𝜋2𝑓2𝑉𝑏𝑟

2 𝑅𝑆𝐶𝑗
2

𝛼
. The efficiency of the diode in the 

high input power case is expressed in (7) as follows: 

𝜂_𝑏𝑟 =
𝑃𝑂𝑈𝑇

𝑃𝑂𝑈𝑇 + 𝑃𝐿𝑂𝑆𝑆,𝐶𝑗 + 𝑃𝐿𝑂𝑆𝑆,𝑅𝑠,𝑉𝑏𝑖
 (7) 

Next, the designed rectifying circuit is printed on Rogers 

4730 with a thickness of H3 = 0.78 mm in line with the 

designed receiving antenna substrate. The proposed Class-F 

rectifying circuit consists mainly of a matching structure, a 

fan-shaped filter, and a rectifier diode. This structure has the 

advantages of high rectification efficiency and compactness.  

 
Fig. 14. Fabricated prototype of the designed rectenna. (a) Top view of multi-

polarization wideband receiving rectenna. (b) Back view of the proposed 
rectenna. (c) The fabricated of Class-F rectifying circuit. 

 

 
Fig. 15. The testing process for rectenna includes both information transfer 

and energy transfer. For accurate measurement results, the polarization of the 

transmission antenna needs to correspond to the receiving antenna. The test of 

energy transfer is indicated by a voltmeter connected to the battery 

management circuit at the output of the rectifying circuit. 

 

 
Fig. 16. The ambient electromagnetic energy is supplied by a source at the left 
end, and at the right end an all polarization rectenna connected to an battery 

management module. The battery management module stabilizes the voltage 

value and light up the light emitting diode. 

 

The core component in the rectifying circuit is the diode, 

which is used in this paper as model number MA4E1317. 

Some of the important parameters regarding the diodes have 

been listed, as shown in Fig. 10. To accurately represent the  

performance of the diode, a diode equivalent circuit model is 

used in this paper to improve the consistency of the diode with 

actual measurements [32]. As IoT and 5G technology continue 

to develop and spread, microwave energy in everyday life will 

also become increasingly complex and powerful [6]. The 

chosen MA4E1317 diode has a smaller series resistor (Rs)and 

a low zero-bias junction capacitance (Cj0) compared to other 

diodes, resulting in lower losses and higher efficiency. Its 

large reverse breakdown voltage (Bv) can be adapted to 

prevent breakdown at higher input powers.  
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Fig. 17. Simulation and measurement of voltage versus input power variation 

at center frequency 5GHz. 

 
Fig. 18. Detailed simulation and measurement of the three-port (port 1, port 2, 

and port 3) power distribution under Case 1. 

 

The RF-DC conversion efficiency (Eff) of a Class-F 

rectifying circuit is related to the output DC power (Vout), the 

input microwave power (Pin), and the carrier impedance (RL) 

of the rectifying. In which, Eff can be expressed by 

𝐸𝑓𝑓 =
𝑉𝑂𝑈𝑇
2

𝑅𝐿 ∙ 𝑃𝑖𝑛
× 100% (8) 

Ultimately, the designed rectifying circuit is integrated with 

the multi-polarized antenna via port 3. The input impedance of 

the designed receive antenna port 3 and the input impedance 

of the rectifying circuit are shown in Fig. 11, respectively. 

Table I shows a comparison of the impedances between the  

proposed receiving antenna and the rectifying circuit at some 

important frequency points. The rectenna is co-simulated by 

using HFSS and ADS software [3]. The impedances of the 

proposed antenna are exported from port 3 and the resulting 

touchstone SNP file is imported into the ADS to describe the 

impedance variation of the proposed receiving antenna. 

This method allows an approximate simulation of the 

designed antenna connected to the rectifying circuit. 

Conjugate matching enables the antenna to be matched to the 

rectifier circuit with a small matching loss. For example at a 

center frequency of 5 GHz the antenna port 3 impedance is 

44.12 + 11.67j Ω and the rectifying circuit input impedance is  

49.05 - 8.57j Ω. The widest ARBW of the proposed receiving 

antenna is 510 MHz (4.72-5.23 GHz), and the operating 

bandwidth of the rectifying circuit is 400 MHz (4.8-5.2 GHz), 

the IBW of the rectenna can reach 400MHz (4.8-5.2 GHz) 

under the co-simulation, which has a wide frequency band. It 

has also been confirmed that the rectenna works well in the 

low/high input power range involved (-4-14 dBm). 

 

 

 
 

Fig. 19. The design options for the hybrid-ring coupler are broadly divided 

into four cases, each with a further detailed division according to structural 

characteristics. (a) Various structures of the 5 ports hybrid-ring coupler. 
Power distribution for (b) Case 2 and (c) Case 3. (d) Power distribution for 

case 1 and 4. 

 

The input power range is -4 - 14 dBm, the range that can be 

used for both indoor collection (input ≤ 0 dBm) of low power 

microwave energy such as WIFI, sensor networks, etc. to 

provide simultaneous reception of information and energy for 

indoor wireless electronics. It can also be used in external 

environments to collect energy from high-power (input≥

10dBm) RF towers, and base stations. 

Fig. 13 illustrates the variation of input power and sampling  

frequency points with respect to S-parameters, respectively. 

Fig. 12 (a) indicates that the S-parameter is less than -10 dB 

for all five sampling frequencies in the 0 dBm to 10 dBm 

input power interval. The rectenna is designed to operate 

between -5 dBm and 15 dBm when the center frequency is 5 
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GHz. The trend in Fig. 12(b) is consistent with Fig. 12(a), 

where the rectenna has a wide operating bandwidth while 

operating stably in the frequency range of 4.8-5.2 GHz. 

The peak conversion efficiency (Eff) is reached when the 

input power is 10 dBm and the simulated/measured 

conversion efficiency of the rectenna is 76.5 %/74.2 % 

respectively (see Fig. 13). The simulated/measured efficiency 

of the rectenna is 55.6 %/53.1 % when the input power is 0 

dBm. Please note the selected 0-10 dBm power range is an 

example to illustrate the effectiveness of rectifiers, the power 

range could be shifted to lower (e.g., -20 dBm) and higher 

(>15 dBm) values by exploiting alternative diodes like 

Skyworks SMS7630 and Infineon Technologies BAT-15 etc. 

III. DISTRIBUTION OF INFORMATION AND POWER 

A fabricated prototype of the proposed rectenna with a 

designed rectifying circuit is shown in Fig. 14. The rectenna is 

supported on two layers by four nylon posts with an air layer in 

between. The two ports of the feeder network (port 1, port 2) are 

soldered to 50Ω impedance SMA connectors, feed 1 and feed 2 

are connected to the upper copper layer and the final port is used 

to integrate the rectifying circuit. 

To illustrate more clearly what is involved in all-polarization 

rectenna testing, a measurement flow diagram has been drawn up 

as shown in Fig. 15. The measurements are divided into two main 

parts, i. e. the information transmission and power reception  

performance of the rectenna [36]. Test distance Tx of 1.0 m 

between the horn antenna as source and the multi-polarization 

receiver. Firstly, three types of polarized horn antenna are 

required as transmission antennas. When port 1/2 of the proposed 

antenna is excited, port 2/1 is connected matched load and the 

antenna can receive R/LHCP wave. Secondly, the antenna 

receives LP wave when given simultaneous, same phase, equal 

amplitude excitation at port 1 and port 2. Finally, port 3 is 

connected to the designed rectifying circuit and the battery 

management module is able to stabilize the voltage collected 

from the rectifying circuit to light up the LED.  

In order to provide a clear demonstration of the proposed 

rectenna's energy harvesting capabilities in a real-world setting, 

we designed an experiment as illustrated in Fig. 16. In this 

experiment, a horn antenna with a bandwidth of 4-8 GHz (model 

W-0408LB15N) is used as the energy-emitting source. Positioned 

1.0 meter away from the source is the designed all-polarized 

rectenna, which features a three-port ring coupler integrated with 

the rectifying circuit. It is important to note that port 1 and port 2, 

responsible for transmitting information, are connected to the 

broadband matching load beforehand. Port 3 is integrated with the 

rectifying circuit, and a battery management module is connected 

to the rectifying circuit's right end (at the load resistor) to stabilize 

the voltage output from the rectenna. To achieve voltage 

stabilization, we employ the BQ25504 DC-DC chip within the 

battery management module, which effectively stabilizes the 

voltage at approximately 3.0 V. The output port is connected to a 

light-emitting diode (LED), which emits a green light with a 

switch-on voltage of 3.0 V. The specific process of this setup 

involves the rectenna collecting energy from the environment, 

converting the RF energy into DC power through the rectifying 

circuit, and then stabilizing the voltage using the battery 

TABLE II 
PERFORMANCE COMPARISON OF PROPOSED DESIGN AND RELATED WORKS 

References 

(year) 

Frequency 

(GHz) 

Operating Frequency 

Bandwidth Polarization 

Mode   
Flexible Power 

Distribution Methods   
Eff 

Integration and 

compactness of 

overall design 

Size of rectenna 

(mm2) 
Com. MPT Meas. 

[12] (2013) 6.1 5.8 <400MHz LP 
No 

(Different Frequency) 

63 % @25 dBm 

5.78 GHz 
Average 

(Two layers) 

1.77λ×0.73λ 

@ 5.8GHz 

[18] (2021) 
0.83/2.4 

(SWIPT) 
NA LP No 

63% @0.8µw/cm2 

2.4 GHz 
Good 

0.213λ×0.19λ×0.0

09λ @ 0.83GHz 

[19] (2021) 
2.4 

(SWIPT) 
NA LP No 

74% @ 2dBm 

 2.4 GHz 
Good NA 

[20] (2020) 5.8 (SWIPT) 

LP:1.3% 

(5.75-5.83 GHz), 

LHCP:2.5% 

(5.7-5.85 GHz), 

RHCP:3.5% 

(5.77-5.98 GHz) 

CP & LP No 

53.6% 

@0/0.5 dBm 5.8 

GHz 

Average 
2.5λ×1.06λ 

@ 5.8GHz 

[21] (2022) 
2.4/5.8 

(SWIPT) 

LHCP:43 % 

RHCP:3.3 %  

RHCP/ 

LHCP 
NO 

63% @ 12dBm 

 5.8 GHz 
Average 

2.6λ×2.6λ×0.077λ 

@ 0.83GHz 

[22] (2022) 
2.4 (WIPT/ 

SWIPT) 

2.4GHz 

(Single point) 
LP 

Yes 

(Not precise enough) 

60.7% 

@6dBm 2.4GHz 
Poor 

1.9λ×0.44λ@ 

2.4GHz 

This work 

(2023) 
5 (SWIPT) 

LP: 47.2% 

(4.18-6.76 GHz), 

RHCP: 9.8% 

(4.78-5.27 GHz), 

LHCP: 9.9% 

(4.8-5.3 GHz) 

True All 

Polarization 

Yes 

(A definite proportion 

of power distribution) 

53.1 % 

@0 dBm 5 GHz, 

74.2 % 

@10 dBm 

5 GHz 

Excellent 
1.25λ×1.17λ×0.1λ 

@ 5GHz 



9 
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 

 

management circuit. Finally, the stabilized voltage successfully 

illuminates the LED, demonstrating the successful energy 

harvesting capabilities of the rectenna. Overall, this experiment 

serves to showcase the efficient conversion and utilization of RF 

energy in a practical environment, highlighting the rectenna's 

effectiveness in energy harvesting applications. 

  Additionally, to demonstrate the effectiveness of wireless power 

and information reception of the proposed rectenna under various 

polarization states, we conducted experiments using in-house 

LHCP, RHCP, and LP transmitting antennas, all operating at a 

fixed EIRP of XX dBm (antenna gain + TX power). The 

proposed rectenna was utilized to receive signals at different 

polarizations. The results of these experiments, including the 

measured output DC voltage and RF power (measured using a 

spectrum analyzer), are presented in Fig. 17(a) and (b). The 

depicted graphs show that the proposed all-polarization rectenna 

successfully receives RF signals and generates rectified DC 

power simultaneously. Remarkably, the output DC power and 

received signal strength (RSS) remain virtually identical for LP, 

RHCP, and LHCP waves, all at the fixed EIRP. This noteworthy 

consistency in performance across different polarizations further 

validates the robustness and effectiveness of this novel rectenna 

design. These findings underscore the rectenna's capability to 

efficiently capture and convert RF energy while maintaining 

consistent reception quality across multiple polarization states. 

This successful demonstration emphasizes the rectenna's potential 

for practical applications in wireless power and information 

transmission scenarios. 

Fig. 18 clearly demonstrates the rectenna structure of Case 1, 

with the power distribution of ports 1-3. After simulation and 

measurement, it can be observed that the percentage of energy 

received by the three ports is approximately equal. At present, 

many scholars have done more in-depth research on SWIPT, but 

few quantitative analyze has been done on the distribution of 

power and information received by rectenna [18]-[22].  

In [20], The asymmetric feed structure used allows for unequal 

power distribution between two ports, but the asymmetry of the 

antenna structure may make the radiation direction uneven and 

thus affect the important performance of the rectenna. The 

proposed rectenna in this paper can freely and precisely distribute 

the output power of the three ports, i.e. the distribution of 

information and power, according to the requirements of use by 

transforming the structure of the hybrid-ring coupler (see Fig. 19). 

Fig. 20 depicts the variation of S-parameters versus frequency for 

a variety of cases (Case 2-4). The four distribution methods allow 

equal amounts of power to be output from the three ports (Case 

1), or the power distribution can be adjusted by changing the 

width of the output ports (Case 2). It is also possible to adjust by 

means of a scalloped notch in the ring (Case 3), with similar 

results to (Case 2), without the need to re-match at the output 

port. However, the adjustment ratio may be lower compared to 

(Case 2). Finally, it is also possible to vary the output power 

(Case 4) by changing the width of one of the ports individually, 

and the three ports can obtain different amounts of power. The 

following four types of distribution are discussed and analyzed in 

detail. 

 
Fig. 20. Variation of S-parameters with frequency in (a) Case 2, (b) Case 3, (c) 

Case 4. 

 
Fig. 21. Comparison of the normalized three-port power distribution of 
hybrid-ring coupler structures at a center frequency of 5 GHz. 

 

1) Case 1: This example shows the hybrid-ring coupler 

used on the receiving antenna designed in Part I. This 

structure allows for an equal distribution of power. The 

width (W1) of all ports of the hybrid-ring coupler is 1.88 

mm in Fig. 19 (a). Fig. 4 establishes that the proposed 

coupler has an IBW (S11<-20 dB) of 20.6% (4.54 GHz-

5.58 GHz) and a center frequency of 5 GHz. This 

designed hybrid-ring coupler gives excitation at port 4 

and port 5 to simulate the power received by the rectenna. 

The normalized output power ratio for the three ports is 

port 1: port 2: port 3 = 0.34:0.34:0.32. The lower power 

of port 3 compared to the other two ports may be due to 

some losses due to the distance on the ring coupler away 

from the output port. Overall the three ports receive 

almost equal power at 5GHz. 

2) Case 2: The output power of the three-ports can also be 

adjusted by changing the width of port 1 and port 2. As 

in example a: the IBW (S11 < -20 dB) of the hybrid-ring 

coupler is 14.9 % (4.65 - 5.4 GHz) for port 1 and port 2 

widths (W3 = 0.6 mm, W1 = 1.88 mm) in Fig. 20 (a). 

When the center frequency is 5GHz, the output power 

ratio of the three ports is port 1: port 2: port 3 = 

0.3:0.3:0.4 (see Fig. 19 (b)). Example b: To further 

extend the output power of port, port 3 can also be 

achieved by increasing the width of port 3 (W3 = 0.3 mm, 

W1 = 2.7mm). Impedance bandwidth (S11<-20 dB) is 13 % 

(4.7-5.36 GHz). The output power of the three ports at a 

frequency of 5 GHz is a ratio of port 1: port 2: port 3 = 

0.24:0.24:0.52.  

3) Case 3: The above solution (Case 2) is used to distribute 

power and information by changing the width of the 
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ports. The distribution of information and power can also 

be achieved by changing the in-ring impedance of the 

coupler. The advantage of this method is that it 

eliminates the need to add matching microstrip lines at 

port 1 and port 2. As in example a: when the angle of the 

sector slot is (θ1 = 30°, R1 = 7.2 mm), the IBW of the 

designed hybrid-ring coupler (S11 < -20 dB) is 23.8 % 

(4.45 - 5.65 GHz) ((see Fig. 20 (b))). The three output 

ports power ratio is port 1: port 2: port 3 = 0.37:0.37:0.26 

at a center frequency of 5GHz (see Fig. 19(c)). For 

example b: When the angle of the sector slot is (θ1 =45°, 

R1=7.5mm), the IBW (S11<-20 dB) of the coupler is 18.7% 

(4.6 - 5.55 GHz). The three output ports' power ratio is 

port 1: port 2: port 3 = 0.41:0.41:0.18. 

4) Case 4: A change in power distribution can also be 

achieved by adjusting the width of one of the ports 

individually, as shown in Fig. 19(d). For example a: The 

IBW (S11<-20 dB) of the proposed hybrid-ring coupler is 

10.5% (4.68 - 5.2 GHz) for port1/2/3 with a port width of 

(W2=1 mm) and port 2/1/2 and port 3/3/1 with (W1=1.88 

mm) (see Fig. 20 (c)). The three output ports power ratio 

is port 1: port 2: port 3 = 0.28:0.36:0.36 at a center 

frequency of 5GHz. Similarly, the normalized power 

distribution ratios for example b and example c are port 1：

port 2：port 3=0.37:0.3:0.33 and port 1：port 2：port 

3=0.35:0.35:0.3, respectively. 

The above cases can be used to control the output power 

share by changing the proposed hybrid-ring coupler structure 

and selecting the applicable coupler for the application 

requirements. The individual hybrid-ring coupler 

configurations have corresponding advantages. For example, 

the hybrid-ring coupler structure in Case 3 can be used 

directly without the need for an additional matching microstrip 

lines at the output port (port1 and port2). Case 2, however, 

enables a significant adjustment of the power distribution ratio. 

Case 4 then allows for flexible adjustment of the power of the 

three ports so that they each have a different output power. Fig. 

21 compares the power distribution percentages of the three 

ports at 5 GHz. 

The performance comparison between the designed receiver 

and other rectennas for WIPT/SWIPT design is shown in 

Table II. It can be clearly observed that the our rectenna 

design has great advantages in bandwidth, gain and size. For 

example, the final achieved all-polarized rectenna has a 

relative bandwidth of 9.8%, which is an improvement of 7.5 

times compared to the multi-polarized rectenna (with a 

relative bandwidth of 1.3%) [20]. The proposed design 

outperforms the state-of-the-art SWIPT rectennas in terms of 

overall integration and compactness. Importantly, our work 

innovatively uses a conjugate matching approach to integrate 

the antenna with the rectifying circuit [12] [18]-[22]. In 

addition, the rectification efficiency of the rectenna at input 

power 0/10 dBm is comparable to the state-of-the-art results. 

Most importantly, the rectenna proposed in this paper 

completely realizes the transmission of energy and 

information under all-polarization [12] [18] [20]-[22]. At the 

same time, the accurate proportion analysis and structure 

construction of energy and information have also been 

realized [20] [23]. Obviously, we have produced a robust 

receiver design that is suitable for real-time power supply and 

communication of terminal small electronic equipment under 

complex situations in the real world. 

IV. CONCLUSION 

A multi-port all-polarization compact wideband high-gain 

rectenna has been proposed for SWIPT applications. The 

proposed rectenna comprises a three-port hybrid-ring coupler 

and rectification circuitry, optimized for medium power 

reception (10 dBm). The rectenna's highly symmetrical 

structure, achieved by connecting a ring coupler via an annular 

square patch, not only facilitates multi-polarization (Circularly 

Polarized & Linearly Polarized), but also ensures a high level 

of performance robustness. Extensive simulations and 

measurements have been conducted, yielding results with 

excellent consistency. For the single-port feeding of LHCP 

and RHCP antennas, the impedance bandwidth (IBW) 

achieved was 45.7% (4.22-6.72 GHz) and 45.3% (4.24-6.72 

GHz), respectively, with an axial ratio bandwidth (ARBW) of 

9.8% (4.78-5.27 GHz) for both antennas. Moreover, the LP 

antenna, when operated with dual ports, demonstrated an 

impressive IBW of 47.2% (4.18-6.76 GHz). The use of ring 

couplers has provided significant advantages, and the 

experiments have been classified into four main categories 

(Case 1-4), each exhibiting its own unique characteristics. 

Within these categories, there are eight different structures, 

enabling accurate information and power distribution for 

practical scenarios. 

As technology continues to advance, such as with 5G and 

IoT development, the microwave energy filling our living 

environments is expected to become more complex and 

random. In this context, the proposed rectenna's ability to 

handle a wide power range, maintain strong stability, and 

provide versatile power distribution is of great practical 

importance [37]. The innovative design and performance 

capabilities of this rectenna make it a promising candidate for 

SWIPT applications in various real-world scenarios, meeting 

the increasing demands of modern wireless technologies. 
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