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Abstract ─ Since the demand for self-sustained wireless 

systems is increasing, there is a trend towards RF energy 

harvesting. It is a key solution to energize the low power 

systems such as the Internet of Things (IoT) devices 

without replacing the batteries periodically. This paper 

presents the design and analysis of RF energy harvesting 

system that consists of dual-band microstrip patch 

antenna operating at 2.4 GHz and 5.8 GHz, an impedance 

matching network, 4-stage voltage doubler and a storing 

circuit. The antenna is designed using ADS Agilent and 

sonnet suites software that provides a directivity of 5.5 

dBi and 6.3 dBi at 2.4 GHz and 5.8 GHz respectively. 

The measured results of the fabricated antenna are well 

agreement with the simulated results. Simulated results 

show that for an input received power of 10 mW, the 

proposed system can provide 4.5 mW power at the output 

of 4-stage voltage rectifier with an overall efficiency of 

45%. 

 

Index Terms ─ Dual-band, impedance matching, 

microstrip patch antenna, RF energy harvesting and 

voltage rectifier. 
 

I. INTRODUCTION 
With the rapid growth of low power wireless 

devices, the last few years have witnessed enhanced 

research trends towards energy efficient wireless 

systems. Conventionally, these devices were powered by 

batteries, which have limited life time and were needed 

to be replaced/recharged manually once the energy is 

consumed. This challenge leads to an upsurge of research 

interests in wireless energy harvesting technique from 

ambient green sources (e.g., solar, thermal, vibrational, 

RF). Among other sources, RF source is a potential 

candidate for energy harvesting due to continuous 

availability of RF signals irrespective of geographical 

area and weather conditions. Moreover, RF energy 

harvesting is considered as a revolutionary technology 

that helps to develop the energy efficient wireless 

networks. It converts the received RF ambient signals 

into usable form i.e. electricity and enables the efficient 

use of available spectrum and provides an efficient 

solution to empower low-power wireless devices [1], [2]. 

Energy can be harvested from several digital and analog 

RF sources such as analog/digital TV broadcasting 

stations, FM/AM radio towers, WLAN access points, 

and cellular base stations [3]. Although a limited amount 

of energy can be harvested from these RF sources, it can 

still be used to energize the low power devices, which 

may solve the problem of replacing the batteries [1],  

[2]. Despite certain critical challenges in design and 

implementation of RF energy harvesting system, it is still 

preferred due to the high availability of free RF signals. 

The concept of RF energy harvesting is shown in 

Fig. 1. It constitutes of receiving antenna that captures 

the RF signal of a certain frequency from the transmitter, 

matching network, RF-DC converter, and load circuitry 

[4]. The proposed work details the design, implementation, 

and analysis of energy harvesting system with dual-band 

microstrip patch antenna operating at WLAN frequencies. 

The designed antenna is integrated with the energy 

harvester and DC voltage has been measured at the output. 
 

 
 

Fig. 1. General architecture of RF energy harvesting system. 
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The amount of harvested energy depends on the type 

of source, transmitted power, environment, path loss 

exponent and distance between the source and receiving 

antenna, etc. [2]. Moreover, it is significantly affected  

by the characteristics of the antenna; therefore suitable 

receiving antenna is very important in this regard. In  

past few years, different types of antennas have been 

proposed for RF energy harvesting, for example, dipoles, 

Yagi-Uda, microstrip, monopole, loop, spiral, and 

coplanar patch antennas [5]. The design of RF energy 

harvesting system generally utilized microstrip patch 

antennas because of their low profile, lightweight and 

planar structure. 

In today’s wireless communication systems, 

development of multiple frequency bands has provided 

the multi-band antennas structures for RF energy 

harvesting, which is quite useful. The design and 

implementation of energy harvesting antennas from 

3G/4G cellular base stations and WLAN RF sources are 

presented in [6]. In [7], a 2.45/5.8 GHz simultaneously 

operating dual-band rectenna for an integrated wireless 

energy harvesting system has been implemented and 

analyzed. A dual-frequency circular patch antenna with 

a gain of 8.3 and 7.8 dBi at 1.95 and 2.45 GHz, 

respectively has been shown in [8]. A microstrip patch 

antenna with novel slot resonator for compact RF energy 

harvesting modules operating at 2.4 GHz is proposed in 

[9]. The energy harvesting system presented in [10], has 

been integrated with dual-core wireless multimedia 

sensor networks to enhance the capability of the system. 

Within short distances, limited amount of energy can be 

harvested from a typical WLAN router with transmitting 

power of 50-100 mW. It is an omnipresent source of 

renewable energy in an indoor environment and size of 

resonating antennas is in the order of 10-50 cm2 [11].  

In comparison to the past research that only 

considered the single band for RF energy harvesting this 

paper focuses on dual-band RF energy harvesting system 

that operates at Wi-Fi frequencies of 2.4 GHz and 5.8 

GHz. In the simulation setup, we have used our designed 

dual-band microstrip patch antenna published in [3]. 

Moreover, the antenna is fabricated on FR4 substrate and 

the measured and simulated results are compared. In 

Section II, the design consideration of energy harvesting 

systems is explained including antenna design, impedance 

matching, and voltage rectification. Section III presents 

the results of the designed antenna and overall RF energy 

harvesting system. Section IV concludes our findings 

and analysis. 

 

II. DESIGN CONSIDERATION IN RF 

ENERGY HARVESTING 
In RF energy harvesting the most important 

component is the receiving antenna, which captures the 

ambient RF signals of a particular frequency band from 

transmitting source via wireless channel and converts 

these signals to AC voltages. The matching network, 

composed of capacitive and inductive elements ensures 

the maximum power delivery from receiving antenna to 

the voltage rectifier by reducing the transmission loss. 

The matching network has AC type voltage at the output; 

therefore the voltage rectifier is used to convert this 

voltage into usable DC power. The obtained power is 

either directly supplied to energize the low power device 

or stored in the energy storage unit. The storage circuit 

allows uninterrupted power delivery to the load and 

serves as a backup reserve when external energy is not 

available. 

 

A. Proposed antenna design 

The antenna can be designed to operate on either 

single frequency or multiple frequency bands, in which 

the device can simultaneously harvest from single or 

multiple sources. Previously, research motivation on RF 

energy harvesting was restricted to a single band which 

was not much efficient. However, recently there has been 

more focus towards design and implementation of dual-

band and antenna arrays for RF energy scavenging. In 

this regard, the design of high directive dual-band 

microstrip patch antennas for wireless applications also 

received much importance [5], [6]. 

The proposed antenna in this paper is microstrip-fed 

patch antenna with a rectangular slot to operate at 

WLAN dual frequencies, i.e., 2.4 GHz and 5.8 GHz. The 

antenna has been designed on ADS Agilent software and 

Sonnet Suites. An FR4 epoxy substrate with a thickness 

of 1.6 mm and dielectric constant εr = 4.4 is used. Figure 

2 shows the front and back view of the designed antenna. 

The dimensions of the antenna are given in Table 1. A 

prototype of the fabricated antenna is shown in Fig. 3. 

The feed line for excitation is provided having an 

impedance of 50 Ω. The slot dimensions are optimized 

such that maximum efficiency can be achieved in terms 

of return loss. 
 

 
 

Fig. 2. Front and back view of the proposed dual-band 

antenna. 
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(a)  (b) 

 

Fig. 3. Prototype of the designed antenna: (a) front view 

and (b) back view. 
 

B. Impedance matching network 

Impedance matching decreases the transmission 

loss and ensures the maximum power transfer from 

antenna to the rectifier circuit such that the output 

voltage of rectifier circuit is increased [12]. The input 

impedance of the rectifier at each frequency is calculated 

using the modular block provided in the ADS schematic 

design. Further, ADS Smith chart utility has been used 

to match the input impedance of the rectifier to the 

antenna impedance of 50 Ω. Two separate LC matching 

networks with a capacitor C1 = 6.8 pF and an inductor 

L1 = 5.35 nH for 2.4 GHz and a capacitor C1 =1.3 pF 

and an inductor L1= 0.68 nH for 5.8 GHz are obtained. 

However, in a practical scenario two separate band pass 

filters can be deployed at the output of matching 

networks. The each band pass filter allows the frequency 

band to pass, whose power transfer is being maximized 

by the respective impedance matching network and rejects 

the high-frequency components which consequently 

results in the undesired harmonic re-radiation and 

electromagnetic interferences [13]. 
 

Table 1: Physical parameters of the proposed antenna 

Parameters Dimensions (mm) 

Rectangular patch 
Length LP = 21 

Width WP = 24 

Ground plane 
Length LB = 41 

Width WB = 44 

Rectangular slot 
Length h4 = 5.98 

Width W1 = 20 

Microstrip feed line Width W2 = 3 

Inset gap 
Length h3 = 5.2 

Width W3 = 2 

Circle Radius r = 3 

Remaining parameters 
h1 = 26 

h2 = 10 

 

C. Voltage rectifier circuit 

RF signals are converted into DC voltage at the 

given frequency band to energize the low power devices/ 

circuits. The main elements of the voltage rectifier are 

diodes; we have used the silicon-based HSMS-2850 

Schottky diodes with a threshold voltage of 250 mV and 

diode capacitance of 0.18 pF. It provides low forward 

voltage, low substrate leakage and has a unidirectional 

flow of current [14]. Figure 4 shows the proposed RF 

energy harvesting system. A coupler is used to combine 

the antenna model with the rest of circuit. Selection of 

the number of stages is very crucial so that output voltage 

can be maximized. An optimal number of stages should 

be added to the system because parasitic losses of 

nonlinear devices also increase by increasing the number 

of stages. 
 

 

 
 

Fig. 4. Schematic diagram of 4-stage RF energy 

harvesting system for: (a) 2.4 GHz and (b) 5.8 GHz. 
 

III. SIMULATION RESULTS 
The proposed antenna is designed and simulated 

using ADS software. It can be seen in Fig. 5 that, the 

antenna has two operating bands around the center 

frequencies of 2.4 GHz and 5.8 GHz with sharp 

resonance. In a low band, the simulated 10 dB bandwidth 

is between 2.39-2.52 GHz, and similarly, at 5.8 GHz, the 

bandwidth is between 5.65-5.85 GHz. Moreover, it can 

be noticed that measured and simulated results agree 

well. 
 

 
 

Fig. 5. Input reflection coefficients (S11) of the proposed 

antenna. 
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In order to analyze the complete energy harvesting 

system the designed antenna model that contains the S11 

information and retains its resonant frequencies after 

impedance matching is exported to the schematic for co-

simulation with rest of the energy harvesting circuit as 

shown in Fig. 4. The S-parameter and harmonic balance 

methods are used to interpret the relation between RF 

source parameters with output power. It is clearly seen 

in Fig. 5 that the two resonant frequencies at 2.4 GHz 

and 5.8 GHz are excited with good impedance matching. 

Best possible values of matching network are obtained 

using smith chart tools, which ultimately provides 

minimum input return loss (S11). Our results mainly 

focus the output power obtained versus input power, a 

gain of the proposed antenna, maximum power transfer 

from source to load and antenna efficiency in terms of its 

radiation pattern.  
 

A. Effect of input power on output 

The parameter sweep for an input power of -15 dBm 

to 0 dBm is plotted against the output power. Figure 6 

shows that the output power increases with the increase 

of input power. Moreover, it can also be inferred that, at 

high resonating frequency power obtained is low as the 

higher frequencies are more vulnerable to path-loss and 

attenuation. 
 

 
 

Fig. 6. Output power versus input received power at 2.4 

GHz and 5.8 GHz. 
 

B. Antenna directivity and radiation intensity 

Directivity describes the direction in which the 

antenna has maximum gain. Radiation pattern shows the 

variation of the power radiated by an antenna as a 

function of the direction. From Fig. 7, it can be observed 

that antenna’s maximum gain (directivity) at 2.4 GHz  

is 5.53 dBi in θ = 0° direction and at 5.8 GHz, the 

directivity is 6.3 dBi. It can also be noticed that the 

simulated and measured results of radiation patterns  

are in well agreement with each other. At both the 

frequencies, the radiation patterns are almost the same, 

thus they maintain the same polarization. Moreover, the 

graph shows clear deterioration at θ = 90° when operates 

at 2.4 GHz. Similarly, when the antenna operates at  

5.8 GHz, deterioration appears at θ = 90°. 
 

 
(a) 

 
(b) 

 

Fig. 7. Directivity of the antenna: (a) at 2.4 GHz and (b) 

at 5.8 GHz. 
 

D. Effect of number of stages of rectifier 

The output voltage at the first stage of the rectifier 

is usually too low for energizing a low power device  

and the conversion efficiency is also not very high. 

Therefore, for designing RF energy harvesting system 

multiple stages of voltage rectifier are connected in 

series one after the other stage, so as to achieve sufficient 

amount of voltage at the output to power the particular 

device. Figure 8 shows the effect of number of stages on 

the output voltage versus input power. It can be seen that 

voltage is directly proportional to the stages. Four stages 

have been used in the designed circuit which provides 

enough voltage at the output that can be used to power 

the required WSN applications.  
 

 
 

Fig. 8. Effect of number of stages on the output voltage. 
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IV. EFFICIENCY OF PROPOSED SYSTEM 
In the proposed system two separate circuits for dual 

resonating frequencies are designed with different LC 

matching networks as shown in Fig. 4. HSMS-2850 

Schottky diodes are used which provide higher conversion 

efficiency as they have low built-in voltage [12]. The 

overall efficiency of the energy harvesting system is 

defined as the ratio of DC power at the output to the  

input received power on the receiving antenna. The 

graph that measures the efficiency of the system against 

the input received power is called efficiency curve. It is 

of paramount importance to measure the efficiency of the 

designed system. Figure 9 shows the system response, 

when the input received power is varied between 1 mW 

to 10 mW. The proposed system can provide maximum 

output power of 4.5 mW for an input received power of 

10 mW with an efficiency of 45%. The efficiency of RF 

energy harvesting system depends on accurate matching, 

efficient antenna and the power efficiency of the voltage 

rectifier that converts the received RF signals to DC 

voltage. 
 

 
 

Fig. 9. Effect of incident RF power on efficiency of the 

proposed system. 
 

V. CONCLUSION 
In this paper, energy harvesting from WLAN source 

with dual-band antenna is designed in ADS Agilent and 

Sonnet Software. The designed antenna is fabricated  

on FR4 substrate and S-parameter and radiation pattern 

are measured. The results show that the simulated and 

measured results are in well agreement. Furthermore, the 

designed antenna is integrated with the rest of energy 

harvesting circuit that includes an impedance matching 

network, 4-stage voltage rectifier and a storing circuit. 

Our proposed network is designed to be used for RF 

energy harvesting from Wi-Fi frequency bands. The 

results show a reflection coefficient of almost -22 dB  

and maximum gain of 5.5 dBi at 2.4 GHz. Similarly, at 

5.8 GHz reflection coefficient of -48 dB and maximum 

gain of 6.3 dBi is obtained. Moreover, result shows that 

10 mW of RF incident power on antenna can generate 

4.5 mW power at output resistance of 10 kΩ with an  

overall efficiency of 45%. 
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