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Abstract—This paper reports the design and experimental 
characterization of a dual-band rectifier, based on a 3 dB 180° 
hybrid junction, and dedicated for electromagnetic energy 
harvesting. The proposed circuit achieves comparable 
performances at 1.8 and 2.45 GHz. DC output voltages higher 
than 900 mV and efficiencies more than 49 % were measured 
over a resistive load of 8.8 kΩ and for an RF input power of -10 
dBm (100 µW). The rectifier is powered by an RF signal 
including the two frequencies of interest.      

Index Terms—dual-frequency rectifier; RF energy harvesting; 
180° hybrid junction  

I.  INTRODUCTION  

The RF energy harvesting consists to capture and convert 
the ambient electromagnetic waves into useful electrical 
energy. The most important element of a harvesting system is 
called rectenna for rectifying antenna. It contains a receiving 
antenna, followed by an RF-to-dc conversion rectifier. Most 
systems reported in the literature operate on a single frequency 
band [1]. However, multi-band [2] and broadband [3] rectennas 
are also used to harvest a large amount of RF power. 

The conversion circuit is strongly nonlinear. It usually 
contains one or several Schottky diodes. The impedance of the 
diode depends on the applied voltage, thus the RF input power. 
It is also frequency dependant. The main challenge of multi-
band and broadband rectennas is the input impedance matching 
and the diode efficiency which are frequency dependant. One 
solution consists in using a radiating element and an RF-to-dc 
rectifier for each frequency band [4]. Multi-band matching 
networks [5]-[6] have been also be used.    

In this paper, we propose a new topology of a dual band 
rectifier. The idea consists in separating the two frequencies 
coming from one antenna element using a 3 dB 180° hybrid 
junction [7]. These two signals are then rectified separately by 
two different structures.   

II. DESCRIPTION OF THE RECTIFIER   

The proposed dual-frequency microwave rectifier is shown 
in Fig. 1. It is based on a 3 dB 180° hybrid junction, with 
comparable performances at 1.8 and 2.45 GHz frequency 
bands. This is made possible by adjusting the width of half of 
the ring. The different accesses of the circuit are denoted P-1 to 

P-4. Ports 1 and 4 are referred as the sum and difference ports, 
respectively. 

The designed rectifier has been simulated and optimized 
using ADS (Advanced Design System) software, by mixing 
Momentum electromagnetic and Harmonic Balance simulators. 

The circuit is printed on Arlon 25N substrate (εr = 3.4, tanδ 
= 0.0025 and h = 1.524 mm). It contains 3 RF-to-dc rectifiers 
in series topology [8]. Rectifiers 1 and 3 operate at 1.8 GHz 
and the rectifier 2 operates at 2.45 GHz. All circuits are based 
on Skyworks SMS 7630 Schottky diodes and optimized 
separately to operate at -10 dBm (100 µW) RF power level.  
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Figure 1.  Layout of the dual-frequency microwave rectifier.    

The original scattering matrix for the ideal 3 dB 180° 
hybrid junction has been modified by adding a quarter 
wavelength line (λg/4 at 2.45 GHz) before rectifier 1 (Fig. 1). 
This gives the following form: 
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At 1.8 GHz, the RF power coming from the RF input (P-2) 
is equally split on ports P-1 and P-4 and converted by rectifiers 
1 and 3. Rectifiers 1 and 3 have a good input matching level of 
-20 dB at 1.8 GHz and a strong mismatch (~ -0.1 dB) at 2.45 
GHz.  

Therefore, the 2.45 GHz RF power incoming from port P-2 
is separated, reflected from rectifiers 1 and 3 and superimposed 
in phase on port P-3 due to the introduction of a quarter-
wavelength line (λg/4). 

Consider that the ai and bi (i ∈  {1, 2, 3, 4}) are the incident 
and reflected waves associated to the port i and � the reflection 
coefficient of rectifiers 1 and 3 at 2.45 GHz, thus: 

11 ba Γ=                                                                                    (2) 

44 ba Γ=                                                                                   (3) 

From the scattering matrix (1) given above:  
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Substituting (2) and (3) in (4), we obtain:  
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From (1), b1 and b4 can be expressed as function of a2 and a3. 
Equation (5) can be rewritten as:  
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and finally:  

23 ab Γ=                                                                                   (7) 

As both rectifiers 1 and 3 are mismatched at 2.45 GHz 
( 1≈Γ ), almost all of the incident power from the port 2 is 

transmitted to port 3, at the frequency of interest.  

To improve the dc output power and voltage, series and 
parallel rectifiers interconnections [9] were combined. The 
short-circuit quarter wavelength stub connected to the rectifier 

2 is introduced to measure the dc voltage relative to the ground 
plane. It has no useful purpose for differential measurements.  

Figure 2 depicts the simulated power budget, including the 
RF-to-dc conversion efficiency, the total losses in diodes and 
the reflection losses. These entities are expressed as a 
percentage of the total input RF power. The circuit is powered 
by an RF signal including the two frequencies f1 = 1.8 GHz and 
f2 = 2.45 GHz, balanced in power (PRF1 = PRF2). The output 
load is set to be optimal (RL = 8.8 kΩ). It is clearly shown that 
the conversion efficiency increases with the input power 
between -20 and -6 dBm. However, losses in diodes (D1 to D3) 
decreases in the same power range. For input power level 
above to -6 dBm, the efficiency drops sharply. This is due to 
the reverse breakdown voltage of the Schottky diodes which 
limit the RF power level to be converted.  

The reflection losses are less than 10% over the power 
range. They represent less than 1.5% around -10 dBm (PRF1 = 
PRF2 = -10 dBm). This shows that the proposed rectifier is well 
matched around the power level for which it was optimized. 
The sum of all other losses are depicted in fig.2, it includes the 
insertion losses, the input and output high harmonics losses …  
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Figure 2.  Power budget versus input RF power: efficiency, diodes losses and 
reflection losses   

III.  EXPERIMENTAL CHARACTERIZATION   

The reported structure was fabricated and measured. 
Measurements of the input return loss (S11) against frequency 
and the output dc voltage (Vdc = V1 – V2) against frequency 
and RF power were made. The results are presented and 
discussed. 

Figure 3 depicts the simulated and measured input return 
loss versus frequency between 1 and 3 GHz. The RF input 
power level and output load are set to be -10 dBm and 2 kΩ, 
respectively. ADS simulations show impedance matching 
levels of -24 dB at 1.8 GHz and -10 dB at 2.45 GHz. 
Measurements show a good impedance matching level at 1.8 
GHz (S11 = -13 dB) and a frequency shift of about 100 MHz at 



2.45 GHz. An input return loss of -18 dB has been measured at 
2.35 GHz.     
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Figure 3.  Simulated and measured input return loss versus frequency  

The measurement setup is shown in Fig.4. It contains two 
RF sources (f1) and (f2), a power combiner, an hybrid coupler 
and a spectrum analyzer. A conventional voltmeter is used to 
read the output dc voltage (Vdc = V1 –V2). Two kinds of 
measurements were performed. Measurements with a single 
frequency, where only one RF source was used (f1 or f2) and 
measurements with two frequencies, where the circuit is 
powered by a signal including frequencies f1 and f2.      
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Figure 4.  Measurement setup  

 

Figure 5 depicts the measured output voltage and 
conversion efficiency as a function of the frequency from 1.5 to 
3 GHz. This figure shows close results in both frequency bands 
around 1.8 and 2.45 GHz. These measurements were 
performed by setting the RF input power to -10 dBm and by 
varying the frequency. The optimal output load RL was set to 
be 2 kΩ. Output dc voltages greater than 250 mV and 

efficiencies higher than 30% have been achieved for the center 
frequencies.     
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Figure 5.  Measured output dc voltage and conversion efficiency against 
frequency   

Figure 6 shows the measured output dc voltage and 
efficiency against input power from -20 to 0 dBm. Previously 
presented results show a frequency shift relative to the center 
frequencies, due to fabrication and measurement tolerances. 
Measurements at 1.75 and 2.35 GHz, where maximum 
performances have been obtained, were performed and results 
are illustrated in Fig. 6. For an input power level of 0 dBm, 
output dc voltages of 964 mV (η = 46.5 %) and 990 mV (η = 
49 %) were measured at 1.8 and 1.75 GHz, respectively. 
Similarly, output dc voltages of 763 mV (η = 29.1 %) and 1032 
mV (η = 53.2 %) were achieved at 2.45 and 2.35 GHz. 
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Figure 6.  Measured output dc voltage and conversion efficiency versus input 
RF power level  

Figure 7 compares the ADS simulated and measured output 
dc voltages and efficiencies against frequency. The circuit is 
powered by a signal including the two frequencies f1 and f2, 
one fixed and the other varies. The RF power (PRF1 = PRF2) and 

f1+f2 
PRF1+PRF2 

 

f1 

f2 



the output load are set to be -10 dBm and 8.8 kΩ, respectively. 
The shapes of the simulated and measured curves are similar.   

An output dc voltage of 959 mV and a conversion 
efficiency of 52.2% were obtained by simulation for f1 = 1.8 
GHz and f2 = 2.45 GHz. However, because of the frequency 
shift observed at 2.45 GHz band, the optimum measured 
performances are obtained for f1 = 1.8 GHz and f2 = 2.35 GHz. 
an output dc voltage of 932 mV and an efficiency of 49.4% 
have been measured. For f2 = 2.45 GHz, the circuit 
performances are lower (Vdc = 743 mV and η = 31.4%).      

0

0.2

0.4

0.6

0.8

1

V
dc

 (
V

)

 

 

1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
0

20

40

60

80

Frequency (GHz)

η 
(%

)

Simulated (f
2
=2.45 GHz)

Simulated (f
1
=1.8 GHz)

Measured (f
2
=2.45 GHz)

Measured (f
2
=2.35 GHz)

Measured (f
1
=1.8 GHz)

 

Figure 7.  Simulated and measured output dc voltage and efficiency against 
frequency  

Figure 8 depicts a comparison between simulated and 
experimentally obtained output dc voltage and efficiency 
versus input RF power. The low frequency f1 and the output 
resistive load are set to be 1.8 GHz and 8.8 kΩ, respectively.   

0

0.5

1

1.5

2

V
dc

 (
V

)

 

 

−20 −15 −10 −5 0
0

20

40

60

Input RF power (dBm)

η 
(%

)

Simulated (f
2
=2.45 GHz)

Measured (f
2
=2.45 GHz)

Measured (f
2
=2.35 GHz)

 

Figure 8.  Simulated and measured output dc voltage and efficiency against 
input RF power   

The shapes of simulated and measured curves are similar. 
The measured curve for f2 = 2.35 GHz is very close to that 
simulated for f2 = 2.45 GHz. This can be explained by the 
frequency shift, previously observed, at higher frequency 
band. 

Efficiencies of 24.9% (Vdc = 209 mV) and 52.9% (Vdc = 
1716 mV) have been simulated at -20 and -5 dBm. 
Comparable results were measured for f2 = 2.35 GHz. for the 
same power levels, efficiencies of 21.1% (Vdc = 192 mV) and 
50% (Vdc = 1674 mV) were measured.      

IV.  CONCLUSION  

In this paper, we have proposed a new low power dual-
frequency rectifier at 1.8 and 2.45 GHz, based on a modified 
180° hybrid junction and dedicated for RF energy harvesting. 
The circuit shows comparable performances in both frequency 
bands. More than 900 mV and 49 % output dc voltage and 
conversion efficiency were measured over an optimal resistive 
load of 8.8 kΩ and an input power of -10 dBm for each 
frequency. Higher voltages close to 1.8 V have also been 
achieved when increasing the RF power to -5 dBm.       
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