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Abstract— The need for electronic devices usage has risen 

significantly over the years. This has in turn generated greater 

demands for electricity and in addition for green energy sources. 

These include Radio-Frequency (RF) energy harvesting. In this 

concept we design a rectifier circuit for RF to DC conversion 

suitable for operation at sub-6 GHz 5G bands. Such a circuit can 

be used to supply low-power electronic devices. The proposed 

rectifier works at the frequency band FR1 of 5G cellular net-

work and more specifically at 3.5 GHz. The most important 

problem in the RF energy harvesters is low system efficiency, 

something that limits the popularity of the power harvest. The 

proposed design is found to be highly efficient in its current 

form. Numerical results show that the system in a single-tone 

signal provides maximum power conversion efficiency equal to 

42.5% when the load of the circuit is 1.1 KΩ and the input power 

reaches 9 dBm. The presented rectifier circuit performs better 

or equally with similar designs in the literature. 

Keywords—radio frequency energy harvesting, wireless power 

transfer, impedance matching network, rectifier, voltage multi-

plier, power conversion efficiency, 5G, voltage doubler 

I. INTRODUCTION  

The ability to gather RF energy from ambient or dedicated 

sources would allow low-power devices to be charged con-

tinuously and could perhaps eliminate the need for a battery 

[1]. However, ambient RF energy harvesting has both ad-

vantages and disadvantages.  An important advantage is that 

this energy is omnidirectional and is always available as a 

free energy source [1]. A notable disadvantage is that the 

power of this energy is very low. A rectenna is a system com-

prised of an antenna and a rectifier [2]. Fig. 1 illustrates a typ-

ical RF energy harvesting system that consists of a transmis-

sion antenna and a rectenna that is comprised of receiving an-

tenna, an impedance matching network (IMN), and a recti-

fier. The antenna collects the RF signals, the rectifier converts 

the input signals into DC voltage and the impedance match-

ing network (IMN) adjusts the impedance between the an-

tenna and the rectifier. 

RF energy harvesters are designed to operate at frequen-

cies that are of particular interest for wireless communica-

tions and broadcast services. The new fifth generation of cel-

lular communications (5G) operates among others in the Fre-

quency zone 1 (FR1)  in the n48, n77 and n78 bands with 

central frequency 3.5 GHz [3].    

 

 

 
Fig. 1: Typical RF energy harvesting system 

 

In [4], the authors designed a rectenna system that can 

harvest energy from WiMAX and Wi-Fi bands. Their half-

wave rectifier (HW) is designed on Rogers RT/Duroid 5880 

substrate and works at 3.5 GHz with efficiency 44% for 0 

dBm input. Another half-wave rectifier we can find in [5]. 

This rectifier, having an input -10 dBm and using the SMS-

7630 DIODE, achieves an efficiency of 42.5%. 

If we want to take advantage of both halves of the input 

signal, we have to design full-wave (FW) rectifiers. In [6], the 

authors designed a full-wave bridge rectifier using HSMS-

2820 Schottky diode, and achieved power conversion effi-

ciency (PCE) at 3.84 GHz, 39.6%. A full-wave rectifier was 

designed in [7] and its conversion efficiency reached 29.72% 

at 3.5 GHz for input power 6 dBm. At the interesting fre-

quency 3.5 GHz, the authors in [8] manufactured a Villard 

voltage doubler which has 14 dBm input power and reaches 

42% power conversion efficiency. The authors in [9] de-

signed a full-wave rectifier on Rogers RO3003 substrate that 

has 0 dBm input power. They use two Schottky diodes 

SMS7630-079LF and achieve PCE 42% at 3.5 GHz. 

In this work, we present a rectifier circuit that works at 

the above-mentioned frequency bands of the 5G cellular net-

work and more specifically at 3.5 GHz.  The design method-

ology of the rectifier includes 4 steps, which are the selection 



of the appropriate substrate, the choice of the right energy 

harvesting circuit topology, the selection of the right diode, 

and the design of the impedance matching network [10]. 

The remainder of the paper is as follows. In Section II we 

present the design specifications and in Section ΙΙΙ we present 

the numerical results. Finally, Section IV concludes the pa-

per. 

 

II. RECTIFIER DESIGN SPECIFICATIONS 

A. Substrate Selection 

The proposed circuit was designed on an RT/Duroid 5880 
with substrate dielectric constant: 2.2, substrate thickness: 
0.508 mm, dielectric loss tangent: 0.0009, thickness: 0.035 
mm. RT/Duroid 5880 substrate presents a low dielectric con-
stant and low dielectric loss. Hence, this substrate is appropri-
ate for high-frequency applications like our rectifier that 
works at 3.5 GHz [11]. 

B. Topology Selection 

There are three basic types of rectifier topologies, the sin-

gle diode, the voltage multiplier, and the bridge of diodes. In 

this work, we selected the Greinacher voltage multiplier be-

cause this type of rectifier circuit converts and amplifies the 

AC input to DC output [12]. This topology contains two 

Schottky diodes and two capacitors. Fig. 2 depicts the Grein-

acher topology. In this Fig. we distinguish two capacitors 

(C1, C2), two diodes (D1, D2), an AC source and the ground 

GND1. 

 

 

 
Fig. 2: Greinacher topology 

 

C. Diode Selection 

In this design, we selected the HSMS-286C diodes. Di-

odes are the most important component in a rectifier circuit 

[7]. Using HSMS-286C we can achieve a high conversion ef-

ficiency thanks to their characteristics, which are maximum 

forward voltage VF = 250 mV–350 mV, typical capacitance 

CT = 0.25 pF, breakdown voltage BV = 7 V, series resistance 

RS = 6 Ω, barrier capacitance CJ0 = 0.18 pF [13]. 

D. Impedance Matching Network Selection 

The impedance matching is a technique to guarantee that 

power is transferred from the receiving antenna to the recti-

fier with minimum losses, in order for this circuit to ensure 

minimum signal power reflection back to the source [14]. 

Several configurations of impedance matching networks 

(IMNs) exist in the literature, and these can be designed either 

using lumped elements (capacitors, inductors) or distributed 

elements (stubs, microstrip lines) [10]. In our IMN we used 

distributed elements because these are ideal at microwave fre-

quencies (3–300 GHz) while lumped elements are generally 

used at lower frequencies (below 3 GHz) [10]. Our IMN net-

work is a T-type network with rectangular and radial stubs. 

We selected radial stubs because they need smaller chip space 

and give us better results. Fig. 3 illustrates the appropriate 

impedance matching network. 

 

 

 
Fig. 3: Impedance matching network. TL1, TL2 and Stub1 are the rectan-

gular and radial stubs accordingly 

 

III. NUMERICAL RESULTS 

We designed a Greinacher Voltage doubler on RT/Duroid 
5880 using HSMS-286C Schottky diodes. Our impedance 
matching network is a T-type network with rectangular and 
radial stubs. The two capacitors (C1, C2) of the design are 
equal to 100pF. In addition to that, the circuit contains various 
conductor lines of suitable width (W) and length (L) to con-
nect all the other components (capacitors, diodes) and to help 
the impedance matching. Furthermore, the commercial soft-
ware Advanced Design System (ADS) from Keysight Tech-
nologies 2022 (Student Edition) was applied to design and op-
timize this circuit. Fig. 4 depicts the total design of our circuit, 
included the output load (RL). 

 

 

Fig. 4: Total design of proposed rectifier 

 

To design this system, we considered that we have as an 

input an antenna port of ZA= 50 Ω. Our goal is to match the 

impedance of the proposed rectifier, which was 10.609 – 

j17.032, with the impedance of the antenna which is 50 Ω. 

The result after the design of the IMN is 59.844 – j4.565 at 

3.5 GHz. Fig. 5 depicts the reflection coefficient frequency 

response. The S11 value at the design frequency of 3.5 GHz is 

-20.113 dB, which can be considered satisfactory. Moreover, 

the same Fig. shows that the S11<-10dB bandwidth (BW) of 

this circuit is equal to 232 MHz. 
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             Fig. 5: S11 magnitude and BW of the proposed rectifier 

 

At this point, we must refer that the most important part 

of the design of a rectifier is the output load. According to 

equation (1) below, the efficiency of the system decreases 

when the output load increases [10]. Hence the selection of 

the load is a very important design part. 
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Ιn the above equation we distinguish the 
"� which is 

the RF input power, the 
#$% which is the output power, the 

Vout which is the output voltage, and the RL which is the 

output load. 

According to equation (1), we set as a goal the 

maximization of the efficiency n(%). So we made a harmonic 

balance simulation to see which RL and which Pin gives us the 

better result. In Fig. 6, we observe that the proposed rectifier 

achieves maximum efficiency of 42.5% for input power equal 

to 9 dBm and for load value of 1.1 kΩ at 3.5 GHz. 

 

 

 
Fig. 6: Power conversion efficiency (%) - output load RL (ΚΩ) at 3.5 GHz 

for various Pin values 

 

Fig. 7 illustrates the final result of harmonic balance sim-

ulation. We observe that we achieve better results for input 

power over 0 dBm. 

 

 

 
Fig. 7: Power conversion efficiency (%) - Pin (dBm) at 3.5 GHz for RL = 

1.1KΩ 

 

Finally, Fig. 8 depicts the Layout of the proposed rectifier. 

 

 

 
Fig. 8: Layout of the rectifier 

 

Table I contains a comparison between our rectifier and 

previous works which are half and full-wave rectifiers that 

work at the frequency of 3.5 GHz. The presented circuit per-

forms better or equally with other designs of the table. 

 

 
TABLE I: COMPARISON BETWEEN PROPOSED RECTIFIER AND 

PREVIOUS WORKS 

Ref. 

Characteristics of circuit designs 

Type  

of 

Rect. 

Sub. Diode 

Freq. 

(GHz

) 

Pin 
RL 

(KΩ) 

PCE 

@ 

 3.5 

GHz 

[4] HW  

 
RT/ 

Duroid 

5880 

SMS 

7630 

3.5  

5.8  

0 

dBm 
0.5 

44 

% 

[5] HW  FR-4 
SMS 

7630 

2.4  

3.5  

-10 

dΒm 
-  

42.5 

% 

[6] FW  FR-4 
HSMS 
2820 

2.4  
3.51  

20 
dBm 

50 

39.6 

%  

 

[7] FW  FR-4 
HSMS 

2860 
- 

6 

dBm 
1 

29.7

2% 



Ref. 

Characteristics of circuit designs 

Type  

of 

Rect. 

Sub. Diode 

Freq. 

(GHz

) 

Pin 
RL 

(KΩ) 

PCE 

@ 

 3.5 

GHz 

[8] FW  FR-4 
HSMS
286C 

1.9  

2.5 

3.6  

14 
dBm 

3 
42 
% 

[9] FW  

Rogers 

RO300
3 

SMS 
7630 

-079 

LF 

- 
0 

dBm 
2 

42 

% 

This 

Work 
FW  

RT/ 

Duroid 

5880 

HSMS 
286C 

3.5  
9 

dBm 
1.1 

42.5 
% 

 

  

IV. CONCLUSION 

In this work, we have designed a full-wave rectifier for 

RF to DC conversion suitable for operation at sub-6 GHz 5G 

bands which can be used to supply low-power electronic de-

vices. This circuit is designed to work within the 5G-FR1 

bands and more specifically at those with central frequency 

3.5 GHz. The substrate selected is the RT/Duroid 5880. The 

Avago HSMS-286C diodes were preferred for this design. 

The impedance matching network is a T-type network with 

rectangular and radial stubs. We selected radial stubs because 

they need smaller chip space and give us better results. The 

IMN network has been computed with the help of commer-

cial software. Our design achieves maximum power conver-

sion efficiency equal to 42.5% when the output load is 1.1 

KΩ and the input power reaches 9 dBm.  The proposed design 

operates equally or better than other similar found in the lit-

erature.  
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