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Abstract— A novel six-band dual circular polarization (CP) 

rectenna for ambient RF energy harvesting is presented. Due to 

the non-linearity and the complex input impedance of the 

rectifying circuit, the design of a multiband and/or broadband 

rectenna is always challenging and the performance of rectenna 

can be easily affected by the variation in such as the input power 

level and load. Therefore, an improved impedance matching 

technique is introduced which is aimed to improve the 

performance of the rectifier with a varying condition. A 

broadband dual CP receiving antenna is proposed which has a 

very wide bandwidth (from 550 MHz to 2.5 GHz) and a compact 

size. An annular ring structure and a novel feeding technique are 

employed in order to reduce the size and improve the antenna 

performance. As a result, the proposed rectenna is the first design 

which covers six frequency bands, including part of the Digital TV 

and most of the cellular mobile and WLAN bands in the U.K., 

while the optimal load range for a constant conversion efficiency 

is from 10 kΩ to 75 kΩ. The measured results show that the 

maximum harvested DC power of the rectenna in typical outdoor 

and indoor environments are 26 µW and 8 µW respectively; it can 

therefore be applied to a range of low power wireless applications. 

 
Index Terms—Broadband dual CP antenna, rectifier, 

broadband rectifier, RF energy harvesting. 

 

I. INTRODUCTION 

ELF-SUSTAINABLE low power electronic devices for 

applications such as the Internet of Things (IoT), smart 

cities, and wireless sensor networks have attracted significant 

attention in the past few years. There is an increasing demand 

for energy harvesting technologies with the aim to replace the 

battery and save maintenance cost. Radio-frequency (RF) 

energy harvesting from the ambient electromagnetic (EM) 

waves is one of the most favorable technologies for supplying 

continuous power to these standalone devices [1]. The concept 

of RF energy harvesting was raised in the early 1990s while 

rectifying antenna (rectenna) technology has been employed to 
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convert microwave power to DC power much earlier [2]. 

   Generally, a rectenna consists of a receiving antenna and a 

rectifying circuit. The overall RF-to-DC conversion efficiency 

is the most vital parameter to evaluate the performance of a 

rectenna. Some rectennas have achieved very high conversion 

efficiency (e.g. >80%) [3]–[6]. However, these designs were 

mainly for a single narrow frequency band and required a 

relatively high input power level (such as 10 dBm [3], 0 dBm 

[4], 13 dBm [5], and 6 dBm [6]) which is not appropriate for 

ambient RF energy harvesting. Ambient EM signals are 

normally available at low levels and distributed in multiple 

frequency bands. Some designs combine the output DC powers 

from different single band rectennas [31], but the overall 

conversion efficiency was low and still limited by the intrinsic 

power consumption of the rectenna. Thus, the design of a 

multiband or broadband rectenna which can harvest ambient 

RF energy from different frequency bands simultaneously is of 

great importance. Due to the non-linearity of the rectifier, the 

input impedance of the circuit is varies as a function of 

frequency, input power level and also load impedance. Thus the 

multiband or broadband design is very challenging. Some 

dual-band rectennas, multiband rectennas, and broadband 

rectennas have been proposed [7]–[13] but there are various 

limitations. 

    In some applications, the output of a rectenna is directly 

connected to a device such as a DC-to-DC converter, a power 

management unit (PMU) or a super capacitor in order to 

manage and store the DC power properly. In these cases, the 

load of the rectenna is time-varying which results in the 

variation of the input impedance of the rectifier [15], [16]. For 

the conventional rectenna design with a fixed load resistance, 

the overall conversion efficiency over the broadband is low due 

to the impedance mismatch. To solve this problem, some 

approaches (such as the resistance compression network, and 

the resistance controlled DC-DC converter to keep the 

conversion efficiency stable in a wide range of load) have been 

reported in [14]–[20]. 

   Since the ambient EM waves are normally of arbitrary 

polarization and random incident angles, the antenna for RF 

energy harvesting should be of omnidirectional radiation 

pattern and wide operational frequency band. Some antennas 

such as the microstrip patch [3], dipole [9], spiral [11], loop [4], 

and cross dipole [13] for energy harvesting application have 
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been proposed in the literature. Wideband dual linear 

polarization (LP) or CP antennas have achieved the best 

performance. 

    Most reported rectennas are optimized to a fixed load but 

very few designs can produce a constant conversion efficiency 

with a varying load as we used in practice. In addition, so far no 

published designs can harvest energy from the DTV (Digital 

TV), cellular mobile and WiFi bands (from 470 MHz to 2.5 

GHz) simultaneously. Thus in this paper, we propose a novel 

rectenna using an improved impedance matching technique. 

First of all, the characteristics of the non-linearity of the 

rectifier are studied. The novel matching network is then 

designed and optimized to match the impedance at six 

frequency bands which cover the U.K. DTV channel 30-37 

(550 – 600 MHz), 55-62 and LTE/4G (750 – 800 MHz), 

GSM900 (850 – 910 MHz), GSM1800/4G (1850 – 1900 MHz), 

UMTS/3G (2150 – 2200 MHz), and WiFi (2400 – 2450 MHz) 

at the ambient input power levels which are typically from -30 

dBm to -5 dBm. An additional section is added to the matching 

network in order to maintain the good performance of the 

rectifier with a wide range of load, from 10 kΩ to 75 kΩ (which 

are the typical values for many sensors). A broadband dual 

linear polarization (LP) cross dipole is modified as a 

frequency-independent dual CP cross dipole by introducing a 

self-complementary log-periodic structure and a novel feeding 

structure. In addition, an annular ring is used to reduce the 

antenna size. The simulated maximum conversion efficiency of 

the rectenna at a single frequency is about 67% with -5 dBm 

input power. To the best of our knowledge, the proposed 

rectenna is the first design which covers a wide frequency and 

load impedance range with a relatively constant high 

conversion efficiency.  

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

introduces non-linear analysis of the rectifier circuit and details 

about the improved impedance matching technique. A 

broadband dual CP receiving antenna design is discussed in 

Section III. The experimental results of the rectenna including 

indoor and outdoor measurements are presented in Section IV. 

Finally, conclusions are drawn in Section V. 

II. SIX-BAND NOVEL RECTIFIER DESIGN 

A. Non-linear Analysis of the Rectifier Input Impedance 

There have been various types of rectifier topologies such as 

single series diode rectifiers, single shunt diode rectifiers, 

voltage doubler rectifiers, and bright type rectifiers. 

Comprehensive comparisons of different rectifier circuits have 

been made in [21] and [22]. The single-stage standard 

full-wave voltage doubler rectifier is a good choice for RF 

energy harvesting, since it has a higher efficiency and output 

power compared to a single series half-wave rectifier. In 

addition, it can minimize the extra losses introduced by 

multi-stage rectifiers, which is significant at low power levels. 

The configuration of a voltage doubler rectifier is depicted in 

Fig.1. Let a sinusoidal signal input to the rectifier which can be 

expressed as  𝑣𝑖𝑛 = 𝑉𝐴𝐶 sin 𝜔𝑡, where VAC is the amplitude and 

ω is the frequency of the input signal. The negative half cycle of  

 
Fig. 1.  Configuration of a voltage doubler rectifier circuit. 

 

the wave is rectified by the shunt diode D2 and the energy is 

stored in C2. The positive half cycle is rectified by the series 

diode D1 and the energy is store in C1. During the next period, 

the energy in C2 is transferred to C1 and then discharged to the 

load resistor RL. Thus the output DC voltage can be calculated 

by. 

𝑉𝐷𝐶 = 2𝑉𝐴𝐶 sin 𝜔𝑡 − 2𝑉𝐹                     (1) 

 

where VDC is the output voltage and VF is the forward bias 

voltage of the diode. From the theory [12], the instantaneous 

current flow through the diode expressed in terms of the time 

varying input is shown in (2), where IS is the saturation current 

of the diode, VT is the thermal voltage, and m is the ideality 

factor. 

𝐼𝐷 = 𝐼𝑆 [exp (
𝑉𝐴𝐶 sin 𝜔𝑡−0.5𝑉𝐷𝐶

𝑚𝑉𝑇
) − 1]            (2) 

 

Using the modified Bessel function series expansion, 

similarly to [15], as given in (3) 

 

exp (𝑥 cos 𝜔𝑡) = 𝐵0(𝑥) + 2 ∑ 𝐵𝑛(𝑥) cos(𝑛𝜔𝑡)∞
𝑛=1    (3) 

 

The current through the diode ID can be expressed as the sum of 

the DC component and the harmonic contributions as shown in 

(4). The DC part of the current IDC is then extracted as in (5). 

 

             𝐼𝐷 = 𝐼𝑆 [𝐵0(
𝑉𝐴𝐶

𝑚𝑉𝑇
) exp (

−0.5𝑉𝐷𝐶

𝑚𝑉𝑇
) − 1]+ 

2𝐼𝑆 ∑ 𝐵𝑛(
𝑉𝐴𝐶

𝑚𝑉𝑇
) exp (

−0.5𝑉𝐷𝐶

𝑚𝑉𝑇
) cos(

𝑛𝜋

2
+ 𝑛𝜔𝑡)∞

𝑛=1         (4) 

 

𝐼𝐷𝐶 = 𝐼𝑆 [𝐵0(
𝑉𝐴𝐶

𝑚𝑉𝑇
) exp (

−0.5𝑉𝐷𝐶

𝑚𝑉𝑇
) − 1]             (5) 

 

Since the equivalent impedance of the diode equals to the 

voltage difference across the diode terminals (VF) divided by 

the current flow into the diode from (5), the input impedance of 

the diode can be expressed as 

 

𝑍𝑑𝑖𝑜𝑑𝑒 =
𝑉𝐹

𝐼𝐷𝐶
=

𝑉𝐴𝐶 𝑠𝑖𝑛 𝜔𝑡−0.5𝑉𝐷𝐶

𝐼𝑆[𝐵0(
𝑉𝐴𝐶
𝑚𝑉𝑇

) 𝑒𝑥𝑝(
−0.5𝑉𝐷𝐶

𝑚𝑉𝑇
)−1]

          (6) 

 

Thus, as shown in (6), the input impedance of the diode 

depends on the input power level (VAC) as well as the angular  
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(a) 

 
(b) 

Fig. 2.  The input impedance of the voltage doubler rectifier versus 

frequency and input power level for the load resistance of 25 kΩ. (a) Real part. 

(b) Imaginary part.  

 

frequency (ω). In addition, since the output voltage can be 

calculated by VDC = IDC × RL, where IDC is the output DC 

current and RL is the load resistance, the input impedance of the 

diode is also strongly influenced by the value of the load.  

In order to gain a better understanding of the non-linear input 

impedance of the voltage doubler rectifier, a circuit was 

designed and analyzed by using the large signal S-parameter 

(LSSP) simulation using ADS software. The diode selected is a 

Schottky diode SMS7630 due to its low forward bias voltage 

and high saturation current. A non-linear spice model with 

parasitic elements, provided by Skyworks Solution Inc. [23], 

was used in the simulation. The value of the selected capacitors 

is 100 nF which is a typical value for this application and the 

value of the capacitors will not affect the input impedance of 

the rectifier. The function of the capacitor is to store the energy 

and smooth the output DC waveform. The simulated input 

impedance of the voltage doubler rectifier, including the real 

part and imaginary part, are depicted in Figs. 2(a) and (b) as a 

function of the frequency and the input power level 

respectively. The input impedance as a function of the 

frequency and the load are also shown in Figs. 3(a) and (b). 

It can be seen that the real part of the input impedance 

changes significantly (from 10 to 300 Ω) against the frequency 

when the input power level is high (e.g. > -5 dBm), and load 

resistance is small (e.g. < 15 kΩ). The imaginary part of the 

impedance is not very sensitive to the variations of the input 

power level and the load resistance, but it changes rapidly from 

-100 (at 3 GHz) to -700 (at 0.55 GHz) which posts challenges in 

matching network design. 

 
(a) 

 
(b) 

Fig. 3.  The input impedance of the voltage doubler rectifier versus 

frequency and load resistance with the input power level at -30 dBm. (a) Real 

part. (b) Imaginary part.  

 

B. Improved Impedance Matching Technique 

 The impedance matching circuit is very crucial since it 

affects how much power can be delivered from the input to the 

junction of the diode. The conventional matching circuit for the 

rectifier is normally optimized for a fixed specific operating 

condition, including frequency, input power level and load 

impedance. From the analysis in Section II (A), it is noted that 

the conventional rectenna is not efficient for RF energy 

harvesting due to the varying operating conditions. Thus a 

novel impedance matching approach is proposed to improve 

the overall performance of the rectenna. The entire design 

process is explained as follows.  

First of all, as a starting point, a dual-band bandpass 

impedance matching network is designed to match the input 

impedance of a single voltage doubler rectifier to a resistive 

port (50 Ω). To achieve the bandpass response and the 

dual-band impedance matching, the matching network should 

consist of a LC bandpass matching topology (4th order) at the 

first frequency and a modified L-network (2nd order) to cover 

the second frequency. Thus, the proposed matching network is 

a sixth-order lumped-element matching network. As shown in 

Fig. 4, the initial matching network consists of a shunt LC pair 

(L1, C1), a series LC pair (L2, C2), a shunt inductor (L3) and a 

series inductor (L4) which aims to get the rectifier matched at 

two frequency bands as well as a range of ambient input power 

level (-30 dBm to -5 dBm). Different from the conventional 

dual-band bandpass impedance matching network which 

normally consists of two shunt and series LC pairs 

(eighth-order) [15], the proposed matching network has 
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reduced the number of circuit elements and has a simpler 

topology. The non-linear input impedance of the voltage 

doubler rectifier, similar to Figs. 2 and 3, is exported to the 

touchstone S1P files. The Impedance Matching Toolkits in the 

ADS software is then employed to choose the values of the 

inductors and capacitors. The center frequencies are optimized 

at 550 MHz and 750 MHz while the desired bandwidth is set as 

50 MHz at each band. In addition, the matching network is also 

optimized to have a bandpass response in order to reject higher 

order harmonics generated by the non-linear elements and 

improve the overall conversion efficiency. 

Secondly, an additional section including a microstrip 

transmission line with a dimension of WTL × LTL and a shunt 

radial stub with width W, length L, and angle β is inserted 

between the inductors L3 and L4, as depicted in Fig. 5. The 

function of this additional section is to maintain the 

performance of the rectifier over a wide range of load values. 

The impedance mismatch caused by the variation of the load, as 

shown in Figs. 3(a) and (b), can be reduced by tuning the 

dimensions of the microstrip line at different loads. Thus, the 

LSSP and the Harmonic Balance (HB) simulation in ADS are 

employed to optimize the reflection coefficient S11 and 

conversion efficiency as a function of the load resistance from 1 

kΩ to 100 kΩ. Note that the performance of the initial matching 

network should be maintained after adding this additional 

section. This can be achieved by setting additional goals during 

the optimization.  

Thirdly, in order to design the matching network to cover six 

frequency bands, the initial dual-band matching network is 

used as a unit cell (Cell 1) and two additional cells (Cell 2 and 

Cell 3) are proposed accordingly. Cell 2 and Cell 3 are designed 

using the same approaches as introduced in the previous steps, 

but the center frequencies are modified to 900 MHz, 1.85 GHz, 

2.15 GHz and 2.45 GHz respectively. As shown in Fig. 6, the 

three cells are distributed in three branches, each branch is 

connected to a single voltage doubler circuit as we have 

proposed in Section II (A). The three voltage doubler rectifiers 

are connected in series in order to obtain a higher output 

voltage. The input RF signal can only pass through the cell with 

the right frequency but will be rejected by the other cells. If one 

of the three branches is broken (open circuit), the other two 

cells can still work well. In addition, due to the non-linearity of 

the rectifier, the input impedance of the rectifier will be 

changed if we modify the circuit topology. Thus, the whole 

matching network including three unit cells is then 

re-optimized for the desired six center frequencies as well as 

the input power level and the load range.  

The S11 and conversion efficiency of the proposed rectifier 

are optimized for a range of conditions such as different input 

power levels, multiple frequency bands, and a wide range of 

load. The non-linear effects on the input impedance have been 

fully considered thus the performance of the rectifier is 

maintained for various conditions. In order to improve the 

accuracy, the lumped elements were replaced by real product 

models including S-parameter files provided by the supplier 

such as Murata and Coilcraft. An EM simulation was 

conducted to analyze the dielectric loss of the substrate and 

insertion loss of the microstrip line. The optimized parameters 

after optimization are given in Table I. The final topology of the 

proposed rectifier is shown in Fig. 7 with a fabricated example. 

The substrate is Duriod 5880 with a relative permittivity of 2.2 

and a thickness of 1.575 mm.  

 
 

Fig. 4.  The initial dual-band bandpass matching network with input power 

levels of interest from -30 to -5 dBm.  

 

 
 

Fig. 5.  The proposed matching network with performance maintained for a 

range of load impedance from 1 kΩ to 100 kΩ. 

 

 
 

Fig. 6.  The proposed six-band rectifier with an improved impedance 

matching network. 
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TABLE I 

 THE OPTIMIZED PARAMETERS OF THE PROPOSED RECTIFIER 

 

Parameters 

 

Cell 1 

 

 

Cell 2 

 

Cell 3 

L1 9.87 nH 5.84 nH 21.31 nH 

C1 2.5 pF 26.3 pF 3.9 pF 

L2 3.18 nH 1.34 nH 52.18 nH 

C2 4 pF 26.9 pF 2.3 pF 

L3 12.43 nH 51.69 nH 17.33 nH 

L4 20.49 nH 15 nH 13.74 nH 

WTL 1.5 mm 1.5 mm 1.5 mm 

LTL 4 mm 4 mm 1 mm 

W 2 mm 1.3 mm 1.5 mm 

L 5.93 mm 2.93 mm 4.48 mm 

β 103ᵒ 106ᵒ 94ᵒ 

 

 

 
 
Fig. 7.  Topology and fabricated prototype of the proposed six-band 

rectifier. The size of the PCB is 3.5 × 4.5 cm2. 

 

 

C. Rectifier Performance 

The simulated and measured reflection coefficients of the 

proposed rectifier at three input power levels are depicted in 

Figs. 8(a) and (b). A load resistance of 25 kΩ is selected for the 

initial study, since it has been the typical load value for many 

wireless sensors [28], [30]. It can be seen that the proposed 

rectifier covers the desired six bands for different input power 

levels of interest. The results agree well at the frequency bands 

around 550 MHz, 750 MHz, 900 MHz, and 1850 MHz while 

the measured S11 at 2150 MHz and 2450 MHz has shifted to 

cover a wide bandwidth between 2.2 GHz and 2.4 GHz. This is 

probably due to the unknown parasitic behavior of the SMD 

components used in the circuit. The exact values of chip 

inductors and capacitors are normally a function of frequency. 

To reduce the influences, products with similar values but 

different series numbers can be used to replace the components 

with large values and designed for high frequencies (e.g. L > 20 

nH, C > 15 pF, and f > 1 GHz) while multiple identical 

prototypes can be made to obtain better performance. The 

RF-to-DC conversion efficiency can be obtained using 

𝜂𝑅𝐹−𝑑𝑐 =
𝑃𝐷𝐶

𝑃𝑖𝑛
                                  (7) 

 

where PDC is the output DC power, and Pin is the input power. 

The simulated and measured conversion efficiency as a 

function of frequency is depicted in Fig 9 (a) at three input  

 
(a) 

 
(b) 

Fig. 8.  The measured and simulated S11 of the proposed rectifier at three input 

power levels for the load resistance of 25 kΩ. (a) The lower three bands. (b) The 

higher three bands.  

 

power levels. At the same power level, it can be seen that the 

efficiency at lower frequencies (0.5 – 1 GHz) is greater than the 

efficiency at higher frequencies (1.8 – 2.5 GHz). This is due to 

the higher loss of diodes and the PCB at higher frequencies. 

Then, the 25 kΩ load resistance is replaced by other values. The 

simulated conversion efficiency versus frequency at four 

different load resistances is shown in Fig. 9 (b). It can be seen 

that the efficiency over the frequency bands of interest is well 

maintained for a range of load values from 10 kΩ to 80 kΩ.  

The simulated and measured S11 as a function of input power 

level is shown in Fig. 10 at two different frequencies. It can be 

seen that the rectifier is well matched for input power levels 

between -30 dBm and -5 dBm at 0.9 GHz while the optimal 

input power level at 1.85 GHz is from -20 dBm to -5 dBm. The 

conversion efficiency at these two frequencies as a function of 

input power level is given in Fig. 11 (a). It can be seen that the 

maximum efficiency at 0.9 GHz is of around 67% with -5 dBm 

input while the maximum efficiency at 1.85 GHz is of around 

53% with -10 dBm input. The simulated conversion efficiency 

versus input power level at different load resistances is depicted 

in Fig.11 (b). It can be seen that, for the load value from 10 kΩ 

to 80 kΩ, the efficiency is relatively stable for input power level 

from -30 dBm to -15 dBm, and varies between 40% and 60% 

for input power level from -15 dBm to -5 dBm. In addition, the 

multi-tone input signals can enhance the overall conversion  
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(a) 

 
(b) 

Fig. 9.  (a) The measured and simulated RF-to-DC conversion efficiency of the 

proposed rectifier at three input power levels for the load resistance of 25 kΩ.  

(b) The simulated RF-to-DC conversion efficiency of the proposed rectifier at 

four different load values with the input power level at -10 dBm. 

 

 
 

Fig. 10.  The measured and simulated S11 of the proposed rectifier versus 

input power level at two frequencies for the load resistance of 25 kΩ.  

 

efficiency of the rectifier which has been demonstrated in [7] 

and [12]. The simultaneous multi-band input power equals to 

the sum of RF powers at each tone, which can be expressed as 

 

𝑃𝑚 = ∑ 𝑃𝑓𝑖
𝑛
𝑖=1                                      (8) 

 

where Pm is  the multi-band power, Pfi is the power at each tone, 

and n is the number of tones. The conversion efficiency of the 

simultaneous multi-band input can be obtained by 

 

𝜂𝑚 =
𝑃𝑚−𝑃𝐿𝑜𝑠𝑠

𝑃𝑚
                                      (9) 

 

where ηm is the conversion efficiency, and PLoss is the power  

 
(a) 

 
(b) 

Fig. 11.  (a) The measured and simulated RF-to-DC conversion efficiency of 

the proposed rectifier versus input power level at two frequencies for the load 

resistance of 25 kΩ. (b) The simulated RF-to-DC conversion efficiency of the 

proposed rectifier versus input power level at four different load values. The 

frequency is 0.9 GHz. 

  
 

Fig. 12.  The simulated RF-to-DC conversion efficiency of the proposed 

rectifier versus input power level for multi-tone input signals. The load 

resistance is 25 kΩ. 

 

consumption of the diodes and circuit.  Meanwhile, for the 

combination of separate single band inputs, the conversion 

efficiency (ηs) can be expressed as the sum of output DC power 

divided by the total input RF power, as shown in (10) 

 

𝜂𝑠 =
(𝑃𝑓1 − 𝑃𝐿𝑜𝑠𝑠) + (𝑃𝑓2 − 𝑃𝐿𝑜𝑠𝑠) + ⋯ (𝑃𝑓𝑛 − 𝑃𝐿𝑜𝑠𝑠)

𝑃𝑓1 + 𝑃𝑓2 + ⋯ 𝑃𝑓𝑛

 

       =    
𝑃𝑚−𝑛×𝑃𝐿𝑜𝑠𝑠

𝑃𝑚
                                        (10) 

 

Therefore, it can be seen that the conversion efficiency of the 

simultaneous multiband input is greater than the conversion  
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Fig. 13.  The simulated and measured S11 of the proposed rectifier versus 

load resistance at two frequencies and two input power levels.  

 

 
 

Fig. 14.  The simulated and measured RF-to-DC conversion efficiency of 

the proposed rectifier versus load resistance at two frequencies and two input 

power levels. 

 

efficiency of the combination of separate single band input 

powers. The simulated conversion efficiency of the proposed 

rectifier for single frequency input signal, three-tone input 

signals and six-tone input signals is depicted in Fig. 12. It can 

be seen that the maximum conversion efficiency is up to 80% if 

the rectenna can receive the signals at the six bands 

simultaneously. In this case, the overall conversion efficiency 

improvement is about 20%.  

To demonstrate that the performance of the rectifier is 

maintained for a wide range of load resistance, the simulated 

and measured S11 at two frequencies and two input power levels 

is plotted in Fig. 13 as a function of the load resistance. The 

frequencies and input power levels in this scenario are 0.9 GHz, 

1.85 GHz, -10 dBm, and -20 dBm respectively. It can be seen 

that, at different frequencies and input power levels, the 

rectifier works well over a wide range of load impedance from 

10 kΩ to 80 kΩ which demonstrates that the influences of the 

varying load have been reduced. The load-dependent 

conversion efficiency at two frequencies and two input power 

levels is depicted in Fig. 14. It can be seen that the efficiency is 

greater than 50% (at 0.9 GHz, -10 dBm input) and 40% (at 1.85 

GHz, -10 dBm input) respectively for the load resistance 

between 10 kΩ and 75 kΩ. The efficiency is greater than 30% 

(at 0.9 GHz, -20 dBm input) and 20% (at 1.85 GHz, -20 dBm 

input) for a load range from 15 kΩ to 90 kΩ. It is demonstrated 

that the performance of the rectifier is indeed maintained for a  

 
(a) 

 

 

 
(b) 

Fig. 15.  (a) The evolution of the design; A bow-tie shape cross dipole is 

modified to a self-complementary log-periodic cross dipole with a novel 

feeding structure and annular ring structure. (b) The proposed antenna with the 

optimized dimensions in two views.  

 

 

wide range of load resistance which is very significant in many 

real applications. 

III. BROADBAND DUAL CP RECEIVING ANTENNA DESIGN 

A bow-tie shape planar cross dipole antenna is proposed as 

the starting point of the receiving antenna design due to its wide 

bandwidth, bidirectional radiation pattern, and dual LP 

characteristics. The proposed antenna is made on an FR4  
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Fig. 16. The simulated S11 of the three different antennas and the simulated and 

measured S11 of the proposed antenna. 

 
 

Fig. 17. The simulated axial ratio of the two antennas and the measured axial 

ratio of the proposed antenna. 

 

 
Fig. 18. The simulated current distribution at the frequencies of interest.  

 

substrate with relative permittivity of 4.4 and a thickness of 1.6 

mm. The size of the PCB is selected as 160 × 160 mm2 which 

equals to 0.29λ0 × 0.29λ0 at 550 MHz. The radius and angle of 

the bowtie shape are selected as 75 mm and 85ᵒ respectively.  

As shown in Fig. 15(a), two pairs of bow-tie dipoles are 

produced on both sides of the PCB and orthogonal to each 

other. The inner conductor of the 50 Ω coaxial cable is fed to  

 
Fig. 19. The simulated and measured realized gains of the antenna. The 

fabricated prototype antenna is shown as well.  

 

 
Fig. 20. The simulated 3D radiation patterns at two frequencies.  

 

the top metal of the antenna while the outer conductor is 

connected to the bottom metal. The simulated S11 of the 

reference bow-tie cross dipole antenna is depicted in Fig. 16. It 

can be seen that the proposed bow-tie cross dipole resonates at  

1 GHz with a wide bandwidth (400 MHz) but the impedance 

matching performance is not very good (S11 > -8 dB). In order 

to cover a broader bandwidth at higher frequencies (up to 2.5 

GHz), the bow-tie cross dipole is modified to a 

frequency-independent log-periodic cross dipole, as shown in 

Fig. 15 (a). The number of teeth (n) is selected as 18 and the 

spacing factor (τ) is chosen as 0.9. From the theory [24], the 

radius of the nth teeth (Rn) is obtained by using the radius of the 

(n-1)th teeth (Rn-1) multiplied by the spacing factor, as given in  

(11). 

𝑅𝑛 = 𝜏 𝑅𝑛−1                                     (11) 

 

The lowest resonate frequency of the self-complementary 

log-periodic antenna is normally determined by the radius of 

the outermost teeth, which is approximately λ0/4 in length. 

Thus, as shown in Fig. 16, the cut-off frequency of the proposed 

log-periodic cross dipole (R1 = 75 mm) is around 1 GHz while 

the active region is between 1 GHz and 2.5 GHz. But, the 

average level of the simulated S11 is around -7.5 dB which 

means the impedance is not well matched.  

In order to improve the performance of the antenna, a novel 

feeding structure used in [25] which can produce the dual CP 

radiation field and improve the performance of a conventional 

cross dipole is employed. As shown in Fig. 15 (a), the pair of 

dipole is linked by a printed vacant-quarter ring structure in 

order to generate a 90-degree phase delay and produce the right 

hand circular polarization (RHCP) radiation field at the front 

side of the antenna and left hand circular polarization (LHCP) 
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radiation field at the back side. The simulated S11 and axial ratio 

of the antenna using the novel feeding mechanism are depicted 

in Figs. 16 and 17 respectively. It can be seen that the matching 

performance has been improved by using this novel feeding 

technique. The average level of S11 over the bandwidth has 

been improved from -7.5 dB to -12 dB. In addition, the CP 

bandwidths of the proposed antenna for axial ratio (AR) less 

than 3 dB are 1.55 – 1.65 GHz, 1.85 – 1.95 GHz, 2.05 – 2.15 

GHz, and 2.25 – 2.4 GHz. The value of AR over 1.6 – 2.5 GHz 

is lower than 5 dB.  

To cover the frequency bands below 1 GHz, an annular ring 

structure is produced on the PCB with a gap of 0.5 mm to the 

outermost edge of the antenna. The annular ring is divided in 

half and printed on both sides of the PCB and electrically 

connected using two conducting holes as shown in Fig. 15 (b). 

The complete ring is coupled to the edge of the antenna and 

becomes a radiator at the lower frequencies [26]. The surface 

current distribution at the frequencies of interest is shown in 

Fig. 18. It can be seen that the current flows through the ring 

structure and the outer teeth of the antenna when the frequency 

is below 1 GHz which verifies the proposed idea. 

The final design of the proposed antenna is shown in Fig. 15 

(b) with the optimized dimensions. The simulated and 

measured S11 and axial ratio of the proposed antenna are 

depicted in Figs. 16 and 17. It can be seen that the results agree 

reasonably well and an additional band from 550 MHz to 950 

MHz is created by adding this ring structure. The CP bandwidth 

also covers the lower frequencies (0.65 – 0.75 GHz, and 0.9 

GHz). Since the sizes of the PCB and the self-complementary 

log-periodic structure are fixed, the only parameter influences 

the performance is the gap between the antenna and the annular 

ring. For a range of value from 0.3 to 1 mm, the effects on the 

performance are relatively small thus the parametric study is 

not shown here. The simulated and measured realized gains of 

the antenna are depicted in Fig. 19. The simulated 3D radiation 

patterns of the antenna at 550 MHz and 2.45 GHz are shown in 

Fig. 20. It is shown that the proposed antenna covers the desired 

frequencies and has dual CP characteristics for most of the 

frequencies (except 0.55 GHz and 2.45 GHz), and it also has a 

bidirectional radiation pattern and a compact size. The half 

power beam-width of the antenna is 120ᵒ at 0.55 GHz, 106.3ᵒ at 

0.75 GHz, 102ᵒ at 0.9 GHz, 83.6ᵒ at 1.85 GHz, 80.4ᵒ at 2.15 GHz 

and 82.2ᵒ at 2.45 GHz respectively. 

IV. RECTENNA MEASUREMENT 

   Having optimized the rectenna, the proposed six-band dual 

CP rectenna was fabricated. The performance of the rectenna 

was directly evaluated in reality including the indoor and 

outdoor environments. A typical office at the University of 

Liverpool was selected to evaluate the rectenna as an indoor 

ambient environment. The office has a floor height of 3 meters 

and an area of 30 m2 approximately. A public square at the city 

center of Liverpool was chosen to evaluate the rectenna as an 

outdoor ambient environment. The square is not in the 

line-of-sight (LOS) of any high power RF sources such as DTV 

towers and mobile base stations.  

    First of all, the proposed broadband dual CP receiving 

antenna was connected to a portable spectrum analyzer to 

receive ambient signals. The received ambient signal levels as a 

function of frequency are depicted in Figs. 21 (a) and (b) for 

indoor and outdoor scenarios. It can be seen that the DTV 

signals at the band around 550 MHz cannot be observed in this 

scenario. For cellular mobile bands, the signal level in outdoor 

measurement was about -35 to -25 dBm while the level at the 

indoor environment was lower, from -45 to -35 dBm. In 

addition, due to the limits of the Wi-Fi router distribution, the 

received Wi-Fi signals were only available at low levels around 

-37 dBm at the indoor environment.  

Using the same approach as we have proposed in [13], the 

total received power over the bandwidth was determined by 

using a wideband power sensor and the average total power was 

obtained by recording the power as a function of time. It is 

found that the average total received power in the frequency 

bands of interest was around -11.4 dBm in outdoor scenario and 

-13.6 dBm in indoor scenario respectively.  

Secondly, the proposed rectifier was connected to the 

antenna and the output voltage was measured by using a 

voltage meter. As shown in Figs. 21 (a) and (b), the measured 

output voltage was around 600 mV in outdoor scenario with a 

load value of 15 kΩ while the voltage was about 400 mV at the 

indoor environment with a load value of 30 kΩ. The 

corresponding harvested DC power in outdoor and indoor 

environment was around 24 µW and 5.6 µW respectively. To 

demonstrate that the performance of the rectenna is maintained 

for a wide range of load impedance, the output DC voltage was 

also measured by changing the load resistance from 5 kΩ to 100 

kΩ. The measured maximum harvested DC powers in indoor 

and outdoor ambient environment were 26 µW (load resistance: 

36 kΩ) and 8 µW (load resistance: 45 kΩ) respectively. The 

overall conversion efficiency was calculated as the fraction of 

the output power and the average total received power in the 

band as we have obtained in the previous steps, which can be 

expressed as 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑃𝐷𝐶

𝑃𝑎𝑣𝑒
=  

𝑉𝐷𝐶
2

𝑅𝐿𝑃𝑎𝑣𝑒
                         (12) 

 

where PDC is the output power, Pave is the average total received 

power in the band (outdoor: -11.4 dBm, indoor: -13.6 dBm), 

VDC is the output voltage, and RL is the load. In order to improve 

the accuracy of the results, the experiment was conducted in 

multiple times and the overall conversion efficiency is depicted 

in Fig. 22 with an error bar.  It can be seen that for a wide range 

of load between 10 kΩ and 75 kΩ, the measured overall 

conversion efficiency is up to 26% for outdoor environment 

and 13% for indoor environment. At such a low power level 

(e.g. -30 dBm), the measured efficiency of the proposed 

rectenna is much higher than the conversion efficiency of many 

conventional single band rectennas (e.g. < 5%). Also, the same 

advantage could be obtained if the input power level becomes 

higher (up to -5 dBm). The simulated maximum conversion 

efficiency of the rectenna at a single frequency input is about 

67% (at -5 dBm input) while the efficiency can go up to 80% 

for simultaneous multi-band input signals. 
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(a) 

 

 
(b) 

Fig. 21. The measured received power versus frequency and the measured 

output voltage of the proposed rectenna in (a) Outdoor ambient environment. 

(b) Indoor ambient environment.  

 
Fig. 22. The measured overall RF-to-DC conversion efficiency with an error 

bar for indoor and outdoor scenarios.  

 

A comparison between our rectenna design and some recent 

rectenna and rectifier designs is given in Table II. It can be seen 

that our design seems to be the only one which can harvest 

energy from the ambient signals at six frequency bands 

simultaneously. If we compare their harvested DC powers at a 

typical outdoor ambient RF power level (-15 dBm), the 

measured/simulated output powers from their designs are much 

smaller than ours. Although the measured results have shown 

that the proposed rectenna is only effective at five frequency 

bands, the measured harvested DC power of our device is still 

the highest. In addition, our design has a random polarization 

receiving capability which can improve the overall 

performance. Most of the published designs are optimized to a 

fixed load and the conversion efficiency is heavily dependent 

on the varying conditions. Our device has a stable performance 

for a wide range of load, from 10 kΩ to 75 kΩ, which covers the 

equivalent load impedance of many wireless sensors and 

TABLE II 
 COMPARISON OF THE PROPOSED RECTENNA AND RELATED DESIGNS 

Ref. 

(year) 
Frequency (GHz) 

 

Random 

polarization 
receiving 

capability 

Input power 

level of 

interest 
(dBm) 

 

Maximum RF-dc 

conversion 
efficiency at a 

single frequency 

(%) 

 

Maximum 

conversion 
efficiency at 

multi-tone input 

(%) 
 

 

Optimal load 

range with 
performance 

is maintained 

(kΩ) 

 

Measured/simulated 

harvested DC power at 
the outdoor ambient input 

power level (-15 dBm) 

[7]  

(2013) 

Dual-band 

1.8,  2.2 

NA* -30 to -5 55 at -5 dBm 55 5 28 µW (measured) 

[8]  
(2013) 

Four-band 
0.9 , 1.75, 2.15, 2.45 

NA* -15 to 0 60 at 0 dBm NR* NR* 13 µW (measured) 

[9]  

(2013) 

Dual-band 

0.915, 2.45 

NA* -15 to 0 50 at 0 dBm 50 2.2 17 µW (measured) 

[12] 

(2015) 

Four-band 

0.9, 1.8, 2.1, 2.4 

Dual LP -25 to 0 65 at 0 dBm 84 11 70 µW (measured) 

[13] 

(2015) 

Broad-band 

1.8 – 2.5  

Dual LP -35 to -10 70 at 0 dBm NR* 14.7 53 µW (measured) 

[15] 

(2014) 

Dual-band 

0.915, 2.45 

NA* -30 to 0 70 at 0 dBm NR* 0.5 – 3  26 µW (simulated) 

[16] 
(2014) 

Single-band 
2.45 

NA* 13 to 20 80 at 13 dBm NA* 0.1 – 5  NA* 

[31] 

2013 

Four-band 

0.55, 0.9, 1.85, 2.15 

NA* -29 to -10 40 at -12 dBm NA* NR* 38 µW (measured) 

This 

work 

(2016) 

Six-band 

0.55, 0.75, 0.9, 1.85, 

2.15, 2.45 

 

Dual CP 

 

-30 to -5 

 

67 at -5 dBm 

 

80 

 

10 – 75  

 

96 µW  (measured) 

 

*NA: Not Available. NR: Not Reported 
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monitors [27]–[30]. The proposed rectenna is better than the 

other published designs in terms of the overall performance 

thus is a very good candidate for RF energy harvesting in many 

real world applications.  

 

V. CONCLUSION 

A novel six-band dual CP rectenna has been proposed using 

an improved impedance matching technique. The newly 

designed matching network can maintain the excellent 

performance of the rectenna in various conditions such as 

multiple frequency bands, different input power levels and a 

wide range of load. This is very important for wireless energy 

harvesting. A broadband dual CP receiving antenna has been 

proposed. A novel feeding structure has been used to generate 

the dual CP radiation field and improve the performance while 

an annular ring structure has been proposed to cover the lower 

frequency bands. The simulated maximum conversion 

efficiency at a single frequency has been obtained at 67% with 

-5 dBm input at 0.9 GHz. The optimal load range in which the 

performance of the rectenna is maintained is from 10 kΩ to 75 

kΩ for the load impedance. The measured results have shown 

that the overall conversion efficiency is about 26% and 13% in 

a typical outdoor and indoor ambient environment. The 

proposed rectenna is better than the other published designs in 

terms of the overall conversion efficiency as well as the 

coverage of frequency band and load range. Considering the 

outstanding performance of the rectenna with different 

conditions, the proposed design is very suitable for many real 

world low power devices and can therefore be applied in many 

battery-free wireless applications.  
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