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Abstract—In this paper, a seven-band omnidirectional rectenna 

is proposed for the first time to harvest RF energy. The designed 

rectenna operates in the following practical and up-to-date 

frequency bands: GSM1800 (1.8 GHz), LTE (2.1 GHz), 

WLAN/Wi-Fi (2.4 GHz and 5.8 GHz) and 5G bands (2.6 GHz, 3.5 

GHz and 4.9 GHz). To obtain the multiband rectenna, a novel 

seven-band rectifier is introduced and composed of three 

optimized single shunt diode rectifiers in parallel. Overall RF-DC 

conversion efficiencies as high as 44.4% @ 1.84 GHz, 43.9% @ 

2.04 GHz, 45.4% @ 2.36 GHz, 43.4% @ 2.54 GHz, 36.1% @ 3.3 

GHz, 32.4% @ 4.76 GHz, and 28.3% @ 5.8 GHz are achieved at 

an input power level of −10 dBm. Moreover, a broadband 

omnidirectional monopole antenna is further codesigned with 

elaborate impedance matching to the rectifier. The antenna can 

harvest RF energy in the bandwidth of 1.67 GHz ~ 5.92 GHz (S11 

no more than −10 dB) with stable omnidirectional radiation 

patterns. By integrating the rectifier and the monopole antenna in 

a low profile, a prototype of the rectenna was manufactured and 

tested. The experimental results demonstrate that the proposed 

rectenna has competitive performance in terms of RF-DC 

conversion efficiency and band coverage, indicating enormous 

potential for numerous battery-free or low-power-needed 

applications in the real world. 

 

Index Terms—Omnidirectional broadband antenna, rectenna, 

RF energy harvesting, seven-band rectifier. 
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I. INTRODUCTION 

ITH the development of wireless communication 

technology, there are an increasing number of 

low-power electronic devices used in applications such as the 

Internet of Things (IoT), smart cities and wireless sensor 

networks. Replacing batteries in these low-power electronic 

devices is a time-consuming and expensive task. In addition, 

improper disposal of used batteries can result in environmental 

pollution [1-4]. Hence, there has been widespread interest in 

harvesting energy from the surrounding environment to power 

low-power electronic devices. Compared to wind, solar and 

kinetic energy harvesting, RF energy harvesting for powering 

electronic devices has the advantage of being implantable and 

sustainable [5]. Moreover, with the development of 5G 

communication technology, the number of RF sources in the 

surrounding environment, such as 5G communication base 

stations and Wi-Fi, has increased significantly, which means 

that harvesting RF energy to power devices is more feasible [6]. 

As the core component in RF energy harvesting, the role of 

the rectenna is to convert RF power into DC power for output. 

Typical rectennas consist of a rectifier and a receiver antenna, 

and the overall efficiency is an important parameter in 

assessing the performance of a rectenna [7]. Rectennas with 

high RF-DC conversion efficiency have been reported 

continuously in recent years [8]-[11]. For example, a rectenna 

that integrated a filtering function on the receiving antenna was 

reported in [12] to improve the overall RF-DC conversion 

efficiency by preventing the harmonics of the diode embedded 

in the rectifier from being reradiated through the antenna, 

whereas it was difficult to design a broadband filter antenna. In 

[13], a classical F-class rectifier was demonstrated to reduce 

diode losses by modulating the voltage and current waveforms 

across the diode. However, the complex matching network 

introduces a large loss, hindering the further improvement in 

the total RF-DC conversion efficiency. To solve this problem, 

the matching network between the receiving antenna and the 

rectifier was removed in [14], that is, directly matching the 

receiving antenna conjugately with the rectifier to eliminate the 

loss induced by the matching network. However, it is not 

feasible to measure the performance of the rectifier 

independently since the input impedance of the rectifier is not 
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matched to 50 Ω. Many studies have been devoted to reducing 

the losses in the rectifier to improve the RF-DC conversion 

efficiency of the rectifier [12]-[14]. However, the 

electromagnetic energy at a single frequency is still limited, 

which hinders its practical applications due to the low DC 

output power. Hence, multiband rectennas are naturally a 

promising choice. 

Note that the frequency bands of RF energy in the 

surrounding environment are usually discontinuous, which is a 

barrier in designing broadband rectifiers that can operate over 

multiple frequency bands due to the nonlinear impedance 

characteristics of the diodes [15]-[24]. Therefore, multiband 

rectennas that can harvest RF energy from multiple frequency 

bands have attracted considerable interest in the energy field 

[20], [25]-[28]. For example, a broadband frequency-selectable 

rectenna was proposed in [20] which operates at four different 

frequency bands that are selectable from 1.1 to 2.7 GHz and 

shows great potential in high level RF power harvest. 

Furthermore, a triband rectifier was designed in [25] by using a 

three-branch matching circuit, but the RF-DC conversion 

efficiency of the rectifier was low due to the complexity of the 

matching network, which introduced more dielectric and 

conductor losses. Another triband rectenna was demonstrated 

in [26] to increase RF-DC conversion efficiency at low RF 

power levels. However, the RF-DC conversion efficiency is 

lower at 3.5 GHz due to impedance mismatch between the 

rectifier and the receiving antenna as well as the lower radiation 

efficiency of the proposed antenna. In addition, a quadband 

rectifier was proposed in [27] to achieve energy harvesting at 

1.3 GHz, 1.7 GHz, 2.4 GHz and 3.6 GHz. However, its RF-DC 

conversion efficiency was unsatisfactory, as the input power 

was at low levels. In the meantime, a novel six-band rectenna 

(0.55 GHz, 0.75 GHz, 0.9 GHz, 1.85 GHz, 2.15 GHz, and 2.45 

GHz) was proposed in [28] to harvest RF energy from more 

frequency bands. Although with the help of an improved 

impedance matching technique, the rectenna can provide a high 

RF-DC conversion efficiency at low input power levels, only 

five bands (0.55 GHz, 0.75 GHz, 0.9 GHz, 1.85 GHz, and 2.3 

GHz) can be observed in experimental results due to the 

unknown parasitic behavior of the surface mount technology 

(SMD) components used in the circuit and inaccurate package 

parameters of the diode. Furthermore, a novel eight-band 

rectenna (0.84 GHz, 1.29 GHz, 1.68 GHz, 3.08 GHz, 3.45 GHz, 

4.31 GHz, 5.11 GHz, and 5.49 GHz) was proposed in [29] by 

designing an eight-band matching network within a single 

branch. However, the RF-DC conversion efficiency was only 

13.5%, 3.3%, and 12.68% at 4.31 GHz, 5.11 GHz, 5.49 GHz at 

an input power of −10 dBm due to poor matching performance. 

To date, great improvements have been made in multiband 

rectifiers for collecting extra electromagnetic power from free 

space. However, multiband rectifiers that can consider high 

frequencies, such as WLAN/Wi-Fi and 5G bands [30]-[35], are 

still lacking. Of course, how to enhance the RF-DC conversion 

efficiency of each operation band is a long-standing problem 

that needs to be solved. 

Herein, to address the problems mentioned above, we 

present a new seven-band omnidirectional rectenna for 

omnidirectional harvesting of RF energy from the surrounding 

environment in the GSM1800 (1.8 GHz), LTE (2.1 GHz), 

WLAN/Wi-Fi (2.4 GHz and 5.8 GHz) and 5G bands (2.6 GHz, 

3.5 GHz and 4.9 GHz). First, a seven-band rectifier is designed 

by connecting three optimized single shunt diode rectifiers in 

parallel. The measured reflection coefficient (S11) and RF-DC 

conversion efficiency are in good agreement with the simulated 

results. In the next step, a broadband omnidirectional receiving 

antenna is independently given out by slotting in the ground. 

The measured results show that the proposed antenna can 

receive RF energy omnidirectionally in a bandwidth of 1.67 

GHz ~ 5.92 GHz, meeting the demand of the rectifier. Finally, 

the designed rectifier is integrated with the antenna to evaluate 

the performance of the proposed seven-band omnidirectional 

rectenna. The experimental results show that the rectenna can 

operate normally at an input power of −20 dBm ~ 5 dBm, and 

the highest RF-DC conversion efficiencies of the proposed 

rectenna in each frequency band are 49% @ 1.84 GHz, 51% @ 

2.04 GHz, 52% @ 2.36 GHz, 53% @ 2.54 GHz, 46% @ 3.3 

GHz, 45% @ 4.76 GHz and 35% @ 5.8 GHz at input power 

levels of 5 dBm, 4 dBm, 4 dBm, 4 dBm, 4 dBm, 6 dBm, and 4 

dBm, respectively. To the best of our knowledge, the proposed 

rectenna is the first design to cover such a wide range of 

frequencies with a relatively constant high conversion 

efficiency, especially including the up-to-date 5G bands. 

The rest of this paper is organized as follows. Section II 

introduces the design process and measured results of the 

rectifier. An omnidirectional broadband-receiving antenna 

design is discussed in Section III. The experimental results of 

the rectenna are presented in Section IV. Finally, conclusions 

are drawn in Section V. 

II. SEVEN-BAND RECTIFIER 

The circuit topology of the seven-band rectifier proposed in 

this paper is shown in Fig. 1(d). The designed seven-band 

rectifier is constructed with three different rectifier branches in 

parallel to cover the predesigned frequency bands while 

maintaining a small size. To implement the multiband function, 

first, three rectifiers (Figs. 1(a-c)) are designed to capture 

spatial EM energy at different frequencies. Note that once 

connected in parallel, the input impedance of each branch will 

be different from that of the initially designed single shunt 

diode rectifier. Therefore, some parameters of the dual-band 

rectifier (Figs. 1(a) and 1(c)) and the triband rectifier (Fig. 1(b)) 

are studied for the following assembling. Second, the three 

designed rectifiers are connected in parallel to compose a 

seven-band rectifier, as shown in Fig. 1(d), through global 

optimization. Finally, the designed seven-band rectifier is 

fabricated and measured to evaluate its overall performance. 

The entire design process is described as follows. 

A. Three Single Shunt Diode Rectifiers 

Each rectifier branch consists of a rectifier diode, a 

transmission line at the front of the diode, a DC-pass filter, a 

matching network, and a load [36]-[40]. In a rectifier, the 

energy loss of the diodes is the primary factor that can affect the 

overall RF-DC conversion efficiency of the total system 
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[41]-[45]. Therefore, the three different rectifier branches all 

use the structure of a single shunt diode rectifier, which induces 

lower losses than those of voltage double rectifiers and single 

series diode rectifiers [46]-[50]. In the meantime, the Schottky 

diode SMS7630 [51] is chosen as the rectifier diode due to its 

low bias voltage requirements at low power input levels and 

low losses (forward bias voltage: 60 mV ~ 120 mV at 0.1 mA). 

Two transmission lines and a radial stub are adopted to build 

the dual-band DC-pass filter, of which the input impedance can 

be adjusted to confine fundamental frequency energy through 

the load by changing the length of the transmission line and the 

radial stub (Fig. 1). In the meantime, to realize a compact 

circuit, the triband DC-pass filter is designed with two 

transmission lines and two radial stubs, where the sum of the 

lengths of the two radial stubs is equivalent to the length of the 

radial stub in a dual-band rectifier. In addition, the microstrip 

line at the front of the diode can adjust the input impedance of 

port 1 and port 2 to allow more RF energy to enter the diode to 

improve the RF-DC conversion efficiency of the rectifier. 

Of course, the corresponding matching network is required 

to match the input impedance of the three designed rectifiers to 

the widely used 50 Ω impedance. Here, a conventional Π-type 

matching network is elaborately designed to link the 

predesigned dual/triband DC-pass filter with the input radio 

energy. Note that the radial stubs are selected to replace the 

open microstrip lines to increase the bandwidth of the 

resonance frequency, leading to the improvement in the 

matching performance. 

In the following, according to the design aims, the three 

different rectifiers are optimized by utilizing Advanced Design 

 
Fig. 1.  (a-d) Design process and topology of the proposed rectifier. (e) ADS circuit and detailed dimensions of the proposed rectifier (Unit: mm). 
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System (ADS) software. For Rectifier-1 and Rectifier-3, the 

operation frequencies are approximately [1.8 GHz, 2.6 GHz] 

and [2.4 GHz, 3.5 GHz]. Rectifier-2 can take effect at 2.1 GHz, 

4.9 GHz, and 5.8 GHz. 

To date, the three rectifiers have been realized at different 

working frequencies as desired. In the next section, some 

parameters will be studied to examine their effect on the 

dual-band rectifier and the triband rectifier. The corresponding 

results will provide useful guidelines to optimize the 

performance of the total seven-band rectifier. 

B. Dual-band Rectifier 

In this section, the effect of structural parameters, including 

W1 and L1, on the reflection coefficient and RF-DC conversion 

efficiency of Rectifier-1 (Fig. 1(a)) is shown in Figs. 2(a-b). 

With increasing W1, the first resonant frequency of Rectifier-1 

shifts to a lower frequency, and the second resonant frequency 

moves in the opposite direction (high frequency). In addition, 

the performance of Rectifier-1 worsens in terms of the 

reflection coefficient and the RF-DC conversion efficiency at 

the first resonant frequency, but little effect on the second 

resonant frequency can be found during the same process. 

Furthermore, the effect of the length of L1 is also studied, 

and the corresponding simulated results are illustrated in Fig. 

2(b). It is obvious that as L1 increases, both resonant 

frequencies shift toward lower frequencies. Note that the 

reflection coefficient at the first resonant frequency gradually 

decays but enhances for the second peak. Similar phenomena 

 
Fig. 2.  Simulated RF-DC conversion efficiency and reflection coefficient of the dual-band rectifier (Rectifier-1) with different values of W1 (a) and L1 (b). 
Simulated RF-DC conversion efficiency and reflection coefficient of the triband rectifier (Rectifier-2) with different values of W2 (c) and L2 (d). Simulated RF-DC 
conversion efficiency and reflection coefficient of the dual-band rectifier (Rectifier-3) with different values of W3 (e) and L3 (f). 
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can be observed in Fig. 2(b) with regard to the RF-DC 

conversion efficiency due to the worse performance of the 

reflection coefficient. Since the basic structure of Rectifier-3 is 

similar to that of Rectifier-1, an approximate conclusion can be 

drawn, as shown in Figs. 2(e-f). 

C. Triband Rectifier 

In this section, the three-band rectifier (Fig. 1(b)) is studied, 

and the effect of W2 and L2 on the rectifier is illustrated in Figs. 

2(c-d). With increasing W2, the first resonant frequency barely 

shifts, but the reflection coefficient and RF-DC conversion 

efficiency worsen. At the same time, there is a small shift at the 

second resonant frequency and a large shift at the third resonant 

frequency. Therefore, the third resonant frequency of the 

triband rectifier can be independently and precisely adjusted by 

changing the value of W2. 

L2 with five different values, 11, 12, 13, 14 and 15 mm, is 

analyzed, and the corresponding simulated results are shown in 

Fig. 2(d). The simulation results show that the first resonant 

frequency also cannot be moved by increasing L2, while the 

second and third resonant frequencies shift toward lower 

frequencies. In addition, the performance of Rectifier-3 hardly 

changes in terms of the reflection coefficient and the RF-DC 

conversion efficiency at the first resonant frequency and the 

second resonant frequency. An interesting phenomenon can be 

observed by studying the third resonant frequency in Fig. 2(d). 

With increasing L2, the performance of Rectifier-3 becomes 

better in terms of the reflection coefficient at the third resonant 

frequency but that in terms of the RF-DC conversion efficiency 

holds steady. 

D. Seven-band Rectifier 

Ultimately, the seven-band rectifier is obtained through 

global optimization in ADS with the help of the 

abovementioned conclusion drawn in Section B and Section C. 

The corresponding impedance matching networks are 

deliberately designed at the same time. The final structure of 

the optimized rectifier is shown in Fig. 1(d). The ADS circuit 

and detailed dimensions of the proposed rectifier are shown in 

Fig. 1(e). The finally simulated reflection coefficient and 

RF-DC conversion efficiency of the optimized seven-band 

rectifier at three input power levels of −5 dBm, −10 dBm and 

−15 dBm are depicted in Fig. 3(a). The proposed rectifier works 

well in seven predesigned frequency bands (1.8 GHz, 2.1 GHz, 

2.4 GHz, 2.6 GHz, 3.5 GHz, 4.9 GHz and 5.8 GHz), covering 

the GSM1800, LTE, WLAN/Wi-Fi and 5G bands. To study the 

effect of varying the load resistance on the efficiency, the 

simulated RF-DC conversion efficiency of the proposed 

rectifier versus load resistance at seven bands for an input 

power of −10 dBm is shown in Fig. 3(b). The efficiency first 

increases and then decreases as the load resistance increases, 

and the RF-DC conversion efficiencies at predesigned 

operation bands nearly all reach the maximum values at ~1300 

Ω. Therefore, 1300 Ω is chosen as the load resistance of the 

rectifier. In addition, the conversion efficiency is relatively 

high overload resistances from 500 to 5000 Ω. Compared to 

other published articles (Table Ⅰ on Page 9), the designed 

seven-band rectifier performs better comprehensively 

considering RF-DC conversion efficiency and the number of 

frequency bands. 

In addition, the simulated RF-DC conversion efficiency of 

the three branches at an input power level of −10 dBm is 

presented to study the contribution of the three branches, as 

shown in Fig. 3(c). Nearly the whole RF power flows only into 

the corresponding rectifier branches and can be converted to 

DC power with a conversion rate of ~40%. Little RF power is 

converted to DC power by the other two branches, even though 

the three branches are connected in parallel. That is, the total 

rectified power across the load is due only to the corresponding 

branch. 

To verify our design, a prototype with a size of 54 mm × 42 

mm is printed on a low-cost Duriod 5880 substrate with a 

relative permittivity of 2.2, loss tangent of 0.0009 and thickness 

of 0.787 mm, as shown in Fig. 4(a). The reflection coefficient 

of the rectifier is measured with a vector network analyzer 

(VNA, Agilent E5072A). The measured results at three 

different input power levels are shown in Fig. 4(b). Although 

little discrepancy can be observed with regard to S11, the 

measured results (Fig. 4(b)) are still consistent with the 

simulated results (Fig. 3(a)), verifying the excellent 

performance of our design. The source of the error is analyzed 

here. We think that the unknown parasitic behavior of the diode 

and SubMiniature version A (SMA) used in the circuit is the 

main factor that induces the difference between the measured 

and simulated results. In addition, the simulation package 

 
Fig. 3.  (a) Simulated RF-DC conversion efficiency and reflection coefficient of the proposed rectifier at three input power levels of −5 dBm, −10 dBm and −15 dBm 
at a load resistance of 1300 Ω. (b) Simulated RF-DC conversion efficiency of the proposed rectifier versus load resistance at seven bands at an input power of −10 
dBm. (c) Simulated RF-DC conversion efficiency of the three branches at the input power level of −10 dBm. 

Authorized licensed use limited to: University of Edinburgh. Downloaded on July 11,2022 at 12:08:21 UTC from IEEE Xplore.  Restrictions apply. 

javascript:;
javascript:;


0018-926X (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2022.3177492, IEEE
Transactions on Antennas and Propagation

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) 

 

6 

parameters of the diode are also different from the actual 

parameters. 

The RF-DC conversion efficiency can be obtained by using 

the following equation: 

2

outV

R P
Efficiency =


                                   (1) 

where R is the optimal load resistance of the rectifier (1300 Ω), 

P is the input power provided by the signal generator, and Vout 

is the voltage across the load resistance. The measured RF-DC 

conversion efficiency as a function of frequency is depicted in 

Fig. 4(b) at three input power levels for a load resistance of 

1300 Ω. Obviously, the rectifier has a high RF-DC conversion 

efficiency in the seven frequency bands. Comparing the 

measured result with the simulation, the measured RF-DC 

conversion efficiency of the rectifier is lower than the 

simulation result, and the frequency has a smaller deviation. 

This is due to welding errors and the inaccuracy of the 

nonlinear model of the diode. In addition, Fig. 4(b) shows that 

the efficiency at low frequency is greater than the efficiency at 

high frequency at the same input power. This is due to the 

increased losses of the diode and dielectric substrate with 

increasing frequency. 

The simulated S11 as a function of the input power level is 

shown in Fig. 4(c) at seven different frequencies. The rectifier 

is well matched with incident EM waves at 2.1 GHz, 2.4 GHz, 

2.6 GHz, 3.5 GHz, 4.9 GHz, and 5.8 GHz when the input power 

range is −20 dBm to −5 dBm. At 1.8 GHz, the matching 

performance of the rectifier decreases when the input power is 

less than −15 dBm due to the nonlinear characteristics of 

Schottky diode. The RF-DC conversion efficiency as a function 

of input power at seven different frequencies is depicted in Fig. 

4(d), where the RF-DC conversion efficiencies of the rectifier 

are 44.4% @ 1.84 GHz, 43.9% @ 2.04 GHz, 45.4% @ 2.36 

GHz, 43.4% @ 2.54 GHz, 36.1% @ 3.3 GHz, 32.4% @ 4.76 

GHz, and 28.3% @ 5.8 GHz at an input power level of −10 

dBm. As the input power level increases, the RF-DC 

conversion efficiency gradually increases at the seven designed 

frequency bands and decreases sharply as the input power level 

reaches a threshold value (3 dBm @ 1.84 GHz, 4 dBm @ 2.04 

GHz, 4 dBm @ 2.36 GHz, 4 dBm @ 2.54 GHz, 4 dBm @ 3.3 

GHz, 5 dBm @ 4.76 GHz and 4 dBm @ 5.8 GHz). This is due 

to the voltage across the Schottky diode exceeding the reverse 

breakdown voltage when the input power is too high, resulting 

in a rapid increase in diode losses. Therefore, the rectifier can 

work normally at an input power level of −20 dBm to 4 dBm. 

III. OMNIDIRECTIONAL BROADBAND ANTENNA 

A. Antenna Design and Analysis 

A seven-band rectifier is designed in Section Ⅱ. At the same 

Fig. 8.  (a) Fabricated prototype of the proposed omnidirectional antenna. (b) 
Measured and simulated reflection coefficient and realized gains of the 

proposed antenna. 

 
Fig. 4.  (a) Fabricated prototype of the proposed seven-band rectifier. (b) Measured RF-DC conversion efficiency and reflection coefficient of the proposed rectifier 

at three input power levels of −5 dBm, −10 dBm and −15 dBm for a load resistance of 1300 Ω. (c) Simulated S11 of the proposed rectifier versus input power level 

at seven frequencies for a load resistance of 1300 Ω. (d) Measured and simulated RF-DC conversion efficiency of the proposed rectifier versus input power level at 

seven frequencies for a load resistance of 1300 Ω. 
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time, a receiving antenna is needed to harvest RF energy at the 

corresponding seven frequency bands. To simultaneously 

harvest RF energy at multiple frequency bands from modern 

communication systems, a broadband antenna is a very popular 

scenario. Additionally, omnidirectional radiation properties are 

desirable due to the randomness of RF energy in the 

surrounding environment. A monopole antenna is selected due 

to its broad impedance bandwidth and broad beam width. A 

conventional monopole antenna has omnidirectional radiation 

characteristics at low frequency. However, the omnidirectional 

radiation performance will change with frequency due to the 

change in the surface current distribution. 

In this section, a broadband omnidirectional monopole 

antenna with a size of 54 × 50 mm2 is proposed based on a 

slotted ground plane. The surface current distribution of the 

antenna changes with the introduction of a slotted ground plane, 

which is advantageous for improving the performance of 

impedance bandwidth and omnidirectional radiation. The 

design process is studied by utilizing computer simulation 

technology (CST) software. 

The three different geometries of the antenna during the 

design evolution are given in Fig. 5. The simulated S11 and 

impedance of the three antennas are studied, as shown in Fig. 6. 

The impedance bandwidth (S11<−10 dB) of Ant. 1 with the 

conventional ground plane is 1.9 GHz ~ 5.04 GHz. With 

slotting at the edge of the ground plane, the impedance of Ant. 2 

is adjusted to approximately 50 Ω at 4.7 GHz ~ 5.6 GHz. The 

impedance bandwidth of Ant. 2 can reach 1.67 GHz ~ 5.63 

GHz. Furthermore, the impedance of the antenna (Ant. 3) is 

reduced at 5.5 GHz ~ 6.5 GHz by slotting at the middle of the 

ground plane, which improves the impedance bandwidth of the 

antenna (Ant. 3) at high frequency. Note that the impedance 

bandwidth of the current antenna (Ant. 3) is 1.69 GHz ~ 5.97 

GHz, covering the seven frequency bands of the rectifier. 

 
Fig. 6.  Simulated reflection coefficient and impedance of the antenna with 
three ground planes. 

 
Fig. 5.  Evolution of the antenna design 

Fig. 7.  Surface current distribution of the two antennas at 5.8 GHz: (a) Ant. 1 
and (b) Ant. 2. Evolution of the 3-D radiation pattern at 5.8 GHz: (c) Ant. 1 

and (d) Ant. 2. 

 
Fig. 8.  (a) Fabricated prototype of the proposed omnidirectional antenna. (b) 

Measured and simulated reflection coefficient and realized gains of the 
proposed antenna. 
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When the ground plane of the antenna is slotted, the radiation 

pattern of the antenna will change significantly due to the 

change in the surface current distribution. To further investigate 

the effect of the slot on the performance of radiation, the 

surface current distribution and 3-D radiation pattern of Ant. 1 

and Ant. 2 at 5.8 GHz are given in Fig. 7. Fig. 7(a) and Fig. 7(c) 

show that the surface current of Ant. 1 with a full ground plane 

is mainly distributed at the upper edge of the ground plane and 

near the feed line. The radiation pattern has two main radiation 

wave flaps. As shown in Fig. 7(b), the introduction of edge 

slotting induces the current distribution at the L-shaped corner 

of the ground plane and thus reconfigures the radiation pattern 

of the antenna to omnidirectional radiation. 

B. Experimental Results of the Antenna 

For evaluation, the proposed optimal antenna is printed on a 

0.787 mm-thick Duriod 5880 substrate, as shown in Fig. 8(a), 

and experiments are performed to estimate its performance. 

The simulated and measured reflection coefficients of the 

proposed antenna are shown in Fig. 8(b). The simulated and 

measured impedance bandwidths (S11<−10 dB) of the antenna 

are 111.7% centered at approximately 3.83 GHz (1.69 GHz ~ 

5.97 GHz) and 111.9% centered at approximately 3.8 GHz 

(1.67 GHz ~ 5.92 GHz). The simulated and measured realized 

gains of the antenna are also shown in Fig. 8(b). The simulated 

and measured 2-D radiation patterns of the proposed antenna at 

 
Fig. 10.  (a) Measurement setup for the proposed rectenna. The rectenna 
direction is tuned to match with its maximum gain direction. The fabricated 

prototype rectenna is shown as well. (b) Measured RF-DC conversion 

efficiency of the proposed rectenna versus input power level for a load 

resistance of 1300 Ω. 

 
Fig. 11.  (a) The output voltage of the rectenna. (b) Rectenna measurement in 

an outdoor ambient environment. (c) Example of powering the temperature 
and humidity detector by using the proposed RF energy harvester. 

 
Fig. 9.  Measured and simulated 2-D radiation patterns of the antenna. 

Authorized licensed use limited to: University of Edinburgh. Downloaded on July 11,2022 at 12:08:21 UTC from IEEE Xplore.  Restrictions apply. 



0018-926X (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2022.3177492, IEEE
Transactions on Antennas and Propagation

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) 

 

9 

the seven desired frequency bands are given in Fig. 9. The 

antenna can radiate omnidirectionally in multiple frequency 

bands, which meets the design requirements. From the above 

measured results, the antenna can harvest RF energy from a 

wide angle at multiple frequency bands. Therefore, the antenna 

is a very suitable receiving antenna for the designed seven-band 

rectifier. 

IV. RECTENNA AND APPLICATIONS 

To demonstrate the performance of the proposed seven-band 

omnidirectional rectenna, we fabricated an integrated rectenna 

based on the best geometric dimensions, as shown in Fig. 10(a). 

To evaluate the whole system, the commercial Vivaldi standard 

horn antenna connected to the signal generator are used as the 

transmitting antenna. To satisfy the far-field condition, two 

horn antennas are adopted in the measurement process with the 

size of 60×244 mm (for 1.84~3.3 GHz) and 69×93 mm (for 

4.76 GHz and 5.8 GHz), respectively. The proposed rectenna is 

used as the receiving antenna, as shown in Fig. 10(a). For this 

purpose, the transmitting power is calculated from the receiving 

power measured at the corresponding frequency using standard 

Friis free-space transmission, as shown in the following 

equation: 

                  ( )10
20 log

4
r t r t

P P G G
d




= + + +                    (2) 

where Pt is the transmitting power of the horn antenna in dBm, 

Pr is the receiving power of the receiving antenna in dBm, and 

Gr and Gt are the gains of the receiving antenna and horn 

antenna, respectively. d is the distance between the horn 

antenna and the receiving antenna, taken as 2.7 m, and λ is the 

operating wavelength. All losses (coaxial cable and connectors) 

are considered at the receiving terminal when calculating the 

transmitting power. Considering the loss of the antenna, the 

input power (P) of the rectenna is equal to the value of the 

receiving power (Pr) divided by the radiation efficiency. Next, 

the output voltage (Vout) of the load on the rectenna is measured 

with a voltmeter, and the transmit power is measured with a 

spectrum analyzer (Agilent N9320B). Therefore, the overall 

RF-DC conversion efficiency of the rectenna can be calculated 

by substituting these two items (P and Vout) into Equation (1) 

given in the previous section. 

The measured RF-DC conversion efficiency of the proposed 

rectenna as a function of input power is depicted in Fig. 10(b). 

The seven-band rectenna can receive RF energy and can work 

well at input power levels of −20 dBm ~ 4 dBm. As the input 

power increases, the conversion efficiency of the rectenna also 

increases. When the voltage across the diode is greater than the 

reverse breakdown voltage, the loss of the rectifier increases 

sharply, so the efficiency of the rectenna decreases. The highest 

RF-DC conversion efficiencies of the proposed rectenna in the 

seven frequency bands are 49% @ 1.84 GHz, 51% @ 2.04 GHz, 

52% @ 2.36 GHz, 53% @ 2.54 GHz, 46% @ 3.3 GHz, 45% @ 

4.76 GHz and 35% @ 5.8 GHz. Compared with the RF-DC 

conversion efficiency of the rectifier in Fig. 4(b), that of the 

rectenna decays due to the energy loss induced by the receiving 

antenna. The designed rectenna can not only harvest the RF 

energy of GSM1800 and LTE in the environment but also 

harvest the RF energy of the 5G frequency band and 

WLAN/Wi-Fi frequency band. 

To further evaluate the performance of the proposed rectenna, 

we measure the proposed rectenna in a real ambient 

environment outdoors at Wuhan University of Technology, as 

shown in Fig. 11(b). The measurement location is at the 

intersection of two base stations. The measured output DC 

voltage is approximately 100 mV and can reach 142.6 mV, as 

shown in Fig. 11(a), which corresponds to an output DC power 

of 15.6 μW (the load is 1300 Ω). In addition, an example of 

powering a temperature and humidity detector by using the 

proposed RF energy harvester is shown in Fig. 11(c). An 

energy harvester module (BQ25570) is connected to the output 

end of the designed rectenna to boost the output voltage. As 

shown in Fig. 11(c), the mentioned device can power the 

temperature and humidity detector around a working 

TABLE I 

COMPARISON THE PROPOSED RECTENNA AND RELATED DESIGNS 

Ref. 
(year) 

Size of 

rectifier 

(mm) 

Number 
of bands 

Frequency (GHz) 

Maximum RF-DC conversion 

efficiency of the rectifier at a 

single frequency 

Efficiency of the rectifier 
at −10 dBm 

Radiation direction 

of antenna at all 

working bands 

[25] 

(2017) 
84×35 3 0.925, 1.82, 2.17 42% @ −10 dBm 42%, 32%, 26% Directional 

[26] 

(2018) 
NR* 3 2, 2.5, 3.5 62% @ −3 dBm 55%, 32%, 20% Directional 

[52] 
(2020) 

81×44 3 1.85, 2.15, 2.48 58% @ −5 dBm 43.4%, 46.5%, 38.4% Directional 

[27] 

(2017) 
51×88 4 1.3, 1.7, 2.4, 3.6 54% @ 10 dBm 23%, 17%, 7%, 5% NR* 

[28] 

(2016) 
35×45 5 

0.55, 0.75, 0.98, 

1.85, 2.3 
53% @ −3 dBm 

47%, 42%, 51%, 35%, 

37% 
Directional 

[29] 

(2021) 
NR* 8 

0.84, 1.29, 1.68, 
3.08, 3.45, 4.31, 

5.11, 5.49 

63.28% @ 0 dBm 
52%, 53%, 25%, 25%, 

34%, 13.5%, 3.3%, 

12.68% 

Omnidirectional 

This work 

(2021) 
54×42 7 

1.84, 2.04, 2.36, 

2.54, 3.3, 4.76, 5.8 
64% @ 4 dBm 

44.4%, 43.9%, 45.4%, 
43.4%, 36.1%, 32.4%, 

28.3% 

Omnidirectional 

NR*: Not Reported 
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microwave oven. 

A comparison between our rectenna design and some recent 

rectennas and rectifier designs is given in Table I. Our design is 

seemingly the only one capable of harvesting energy from 

ambient signals in all seven frequency bands simultaneously. 

Although the rectenna in [29] can operate in eight frequency 

bands, the RF-DC conversion efficiency is very low when the 

frequency is greater than 4 GHz. Our rectifier maintains a high 

RF-DC conversion efficiency at an input power level of −10 

dBm. The proposed rectenna is better than other published 

designs in overall performance and is therefore a very good 

candidate for RF energy acquisition in many practical 

applications. 

V. CONCLUSION 

A seven-band omnidirectional rectenna has been presented 

both theoretically and experimentally. The design process of 

the seven-band rectifier is described in detail by a systematic 

study. The experimental results from a prototype show that the 

proposed seven-band rectenna has achieved overall high and 

competitive RF-DC conversion efficiency and multiple 

frequency-band coverage. The designed rectenna can harvest 

RF energy around the base station and an output voltage of 

142.6 mV in one example. In addition, it can power temperature 

and humidity sensors in ambient environments. In conclusion, 

the proposed seven-band rectenna is simple in structure, 

universal in up-to-date operation bands, and high in conversion 

efficiency, leading to its promising application in harvesting 

wireless energy and charging sensors, wearable devices and 

other IoT scenarios such as smart homes and smart agriculture 

with sustainable development. 
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