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Abstract ─ In this paper, a new triple band RF energy 
harvester, considering all the influential parameters, is 
designed by using Advanced Design System (ADS) 
simulation software. The most important problem in the 
RF energy harvesters is low system efficiency. Another 
problem is that these circuits work on narrow RF bands. 
The proposed design is found to be much efficient with 
its current form and provide broadband working 
frequencies. The output power values and efficiencies 
of each circuit have been obtained from the software by 
varying input RF power, load resistance and the number 
of stages in voltage multiplier at DTV 575 MHz, GSM 
900 MHz and WiFi 2.45 GHz frequencies. Thereby a 
triple band RF energy harvester is proposed for higher 
efficiency. The system efficiencies for this input power 
level are obtained about 55% at 575 MHz, 45% at 900 
MHz, 30% at 2.45 GHz. The average efficiency is 
found to be 43% for the individual systems. However, 
the system efficiency is 68% in the proposed triple band 
RF energy harvester. This corresponds to an increase 
rate of 58% for the efficiency. Furthermore, thanks to 
the proposed RF energy harvester, the efficiencies are 
increased significantly in cases which only one or two 
RF signals exist. 
 
Index Terms ─ Efficiency, impedance matching, RF 
energy harvester, triple band, voltage multiplier. 
 

I. INTRODUCTION 
Wireless sensors become very important for our 

daily life. In general, they consume a little amount of 
power. These devices are often fed by the batteries. 
However, the batteries have some disadvantages such 
as requiring replacement in certain times, increasing the 
size of device and causing environment pollution [1-5]. 
In some cases, it is difficult or impossible to replace the 
batteries of wireless sensors, so lifetime of these devices 
is equivalent to the lifetime of their batteries [6-8]. 
These problems motivate the researchers to develop 
new technologies [9,10]. Recently, low power energy 
generation methods such as vibration (piezoelectric, 
electromagnetic and electrostatic), thermoelectric and 
RF energy harvesting draw attention in terms of an 

alternative energy source to the batteries. These energy 
harvesting methods provide a usage without the 
batteries or an increased battery life of the wireless 
sensors [11]. There are many signals of different 
frequencies in our environment, because the wireless 
communication and equipments are used widely. RF 
signal sources are TV and radio transmitters, mobile 
base stations, mobile phones and the other wireless 
systems [12,13]. It is possible to generate the electrical 
energy by using RF signals with the properly-designed 
systems [14,15]. This energy generation method is 
called RF energy harvesting or RF energy scavenging. 

RF energy harvesting method can be especially 
useful for wireless sensor nodes located in remote 
places where other energy sources are not feasible 
[16,17]. Moreover, RF energy harvesting, compared to 
other energy harvesting methods such as wind and solar 
etc., does not depend on nature and is available 
continuously; thus, it is a relatively predictable energy 
form [18,19]. The main idea of the RF energy 
harvesting system is capturing RF energy in our 
surroundings. This energy can supply the electronic 
equipments with low power consumption or can be 
stored for future usage [20,21]. Fundamentally, RF 
energy harvesters include an efficient antenna and an 
electronic circuit which converts an RF signal to a DC 
signal. Additionally, source impedance must be equal to 
the circuit impedance for the maximum power, so an 
impedance matching circuit is vital in order to obtain 
the maximum power. 

The basic RF energy harvesting system is shown in 
Fig. 1, which consists of matching circuit, voltage 
multiplier (RF to DC converter) and storage and load 
circuits. 

The harvested power depends on the RF power 
level, antenna of system, frequency band and RF to DC 
converter circuit. Actually, the bases of RF energy 
harvester are an electromagnetic induction system. So, 
the higher the RF power, the higher the obtained power. 
The high gain of the selected antenna and the selection 
of appropriate frequency band increase the power 
obtained from the system. In addition, the use of 
appropriate RF to DC converter and matching circuits  
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improve on system efficiency. 
 

 
 
Fig. 1. The block diagram of an RF energy harvesting 
circuit. 
 

In a wireless system, the received power can be 
theoretically calculated by the Friis transmission 
equation as shown in Equation (1): 
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where Pr is received power, Pt is transmitted power, Gt 
is gain of the source antenna, Gr is gain of the receiver 
antenna, λ is wavelength of the transmitted signal, and 
R is distance between the source and receiver. 

As shown in Equation (1), the received power 
decreases as the distance increases. Therefore, this 
situation is an important difficulty for the RF energy 
harvesting concept in far places. Thus, the necessary 
optimizations should be performed very well to obtain 
high efficiencies from the system. Considering that the 
RF signal levels are low in the media, in particular, the 
impedance matching process should be done properly. 
In addition, owing to the fact that there are a large 
number of RF signals at different levels and frequencies 
in the surrounding media, the increment of the obtained 
power using the systems that can generate energy from 
multiple signals is very beneficial. 

In this paper, the RF energy harvesters, having 
three different frequencies which are Digital TV  
(575 MHz), GSM (900 MHz) and WiFi (2,45 GHz), are 
analyzed for the voltage multipliers having different 
number of stages, load impedances, input frequencies 
and input RF powers using the ADS software. Later, an 
integrated triple band RF energy harvester being 
capable of generating energy in the aforementioned 
frequencies is designed. Thus, optimum parameters for 
an effective RF energy harvester are determined. And 
an important increase is obtained in the efficiency using 
triple band RF energy harvester. In the literature, there 
are some works including more than one frequency 
band. 63% efficiency is obtained using a triple band RF 
energy harvester in Phams’ work [22]. Keyrouz et al. 
[23] have designed a triple band RF energy harvester 
which is combined three different RF energy harvester. 
The maximum efficiency is 46% in this work. The 

system efficiency of a dual band RF energy harvester is 
57% in Kim et al. [24]. The efficiency of proposed 
system was measured as 68%. This rate is an important 
improvement in terms of the system efficiency. In 
addition to this improvement, this RF energy harvester 
provides high efficiency increase in cases which only 
one or two RF signals exist. 

The paper is organized as follows: In Section 2, the 
RF energy harvester system including the impedance 
matching circuit and the voltage multiplier is introduced. 
In Section 3, some simulation results are presented for 
different parameters. Finally, the concluding remarks 
are presented in the last section. 
 

II. ENERGY HARVESTING SYSTEM 
RF energy harvester system consists of an antenna, 

an impedance matching circuit (IMC), a voltage multiplier 
circuit (VMC), a storage circuit and a load circuit. 
Antenna with high gain and appropriate frequency band 
is very important in order to get energy efficiently from 
the media. Obtained power by an RF energy harvester 
cannot be sufficient for a load circuit. Due to that, a 
storage unit must be used to store the obtained energy. 

Figure 2 (b) shows a simple 900 MHz RF energy 
harvester including the L type impedance matching 
circuit and one stage voltage multiplier. The component 
values of the impedance matching circuit are determined 
by the software and also calculated analytically by 
using the following equations [25]: 
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Here, XC_m and XL_m are reactances of the impedance 
matching capacitor and inductor, respectively. Z0 is 
input impedance (50 Ω), RL is real part of the load 
impedance (31,46 Ω) and XL is imaginer part of the 
load impedance (-j340,38 Ω). By solving the following 
equations, the impedance matching components Cm and 
Lm are found 2.71 pF and 64.46 nH, respectively. 
 

 
 (a) 
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 (b) 
 
Fig. 2. (a) The Smith Chart diagram for impedance 
matching process. (b) 900 Mhz RF energy harvester 
included IMC and VMC. 
 

In the simulations, this circuit is established at  
575 MHz, 900 MHz and 2.45 GHz input frequencies 
for all number of stages. So, the component values of 
IMC are determined separately for each stage and input 
frequency. 
 
A. Impedance matching circuit 

In a transmission line, source and load impedances 
must be equalled to providing the maximum power 
transfer. Especially, when the input power is low, 
impedance matching circuits provide a great increase in 
the system efficiency. RF energy harvester systems 
should work on low input power levels, because the 
signal levels surrounding our environment are weak in 
general. This situation requires that the impedance 
matching circuits should be used to obtain increased 
power from such systems. These circuits can be 
performed in various ways. One of these ways is L type 
impedance matching circuit, which is simple and not 
bulky. L type impedance matching circuit is configured 
according to the ratio of the load impedance to source 
impedance. 

There are an inductor and a capacitor at L type 
impedance matching circuits. The values of these 
components depend on the source and the load 
impedances. The values of components used in this 
work are shown in Table 1. In the proposed system, 
while the working frequency is higher, the impedance 
of the voltage multiplier (i.e., load impedance) is lower 
due to effect of saturation current. Thus, the values used 
in the impedance matching circuits are lower at high 
frequencies. 

When the triple band energy harvester is used 
instead of individual system, total impedance matching 
component is reduced by 33% as shown in Table 1. 
Because four matching components are used in the 
proposed system (3 inductors and 1 capacitor), however 
the triple band system included three individual 
harvester use six matching component (3 inductors and 

3 capacitors). That causes to decrease the cost and the 
size of the system. Even though there is an increase at 
the values of the inductors used in the impedance 
matching circuit, this situation is not an important 
increase in terms of cost and size. 
 
Table 1: The components used in one stage individual 
and triple band energy harvesters 

 L (nH) C (pF) 

 Individual 
System 

Triple Band 
System 

Individual 
System 

Triple Band 
System 

575 
MHz 127.2 207.5 0.1 - 

900 
MHz 64.5 86.0 2.7 - 

2.45 
GHz 8.6 13.7 2.6 1.6 

 
B. Voltage multiplier circuit 

A voltage multiplier circuit can be used to increase 
voltage signal obtained from the antenna. These circuits 
convert the RF signals into the DC voltage used in most 
of the electronic equipments. There are various voltage 
multiplier circuits. Dickson voltage multiplier circuit is 
shown in Fig. 3 for this study. The circuit consists of 
two diodes and two capacitors for each stage. HSMS-
2852 Schottky diodes were used in this work due to 
they have fast switching speed, low forward voltage, 
low substrate leakage and relatively low junction 
capacitance. In addition, the system is not bulky, 
because these diode packages include two series diodes. 
Therefore, they are suitable for the voltage multiplier 
circuits. 
 

 
 
Fig. 3. n stage Dickson voltage multiplier. 
 

The capacitors having different capacity are 
connected as stage components. But the output voltage 
does not change too much by using the capacitors that 
have equal or different capacitance at the stages. For 
simplicity, same value of the capacitances for all stages 
is selected. The number of voltage multiplier stages has 
a significant effect on the efficiency of the RF energy 
harvesting system [26]. 

Figure 4 shows equivalent circuit of the Schottky 
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diode. The overall impedance value of the diode depends 
on too many variables. 
 

 
 
Fig. 4. Equivalent circuit model of diode [27,28]. 
 

In Fig. 4, Cj and RS are the parasitic junction 
capacitance and series resistance of the diode, respectively. 
LP and CP are the packaging inductance and capacitance 
respectively. Diode admittance Yd can be expressed as 
the following [27]: 
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Rj is the junction resistance of the diode, and expressed 
as the following [28]: 
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where IS is the diode’s saturation current, IB externally 
applied bias current, T is temperature (°K) and n is 
ideality factor. 

As seen in Equation (5), the saturation current is an 
important parameter for diode impedance. Because of 
the saturation current, diode impedance varies 
substantially with the increase of frequency [29]. In 
these diodes, if the input power level exceeds -15 dBm, 
the impedance (especially real part) increases rapidly 
[30]. This situation causes a decrease in the efficiency 
for these input power levels. 

Figures 5 (a) and 5 (b) show the real and imaginary 
parts of the load impedance values depending on the 
number of stages for three different individual RF 
energy harvesters. Due to the effects of both the diode 
junction surfaces and the capacitors used in stages, the 
load impedance shows the capacitive feature. As seen 
from Figs. 5 (a) and 5 (b), as the number of stage 
increases, the load impedance decreases. This means 
that an incline in the capacitor value to be used in 
matching circuit and a decline in inductor value with 
the increasing of stage number. 

As seen in Figs. 5 (a) and 5 (b), the value of load 
impedance decreases by the input frequency. This 
provides a reduction for the values of the circuit’s 

components used in impedance matching circuit. 
However, the number of diodes and capacitors will 
increase with the increasing number of stages, this is an 
undesirable case in terms of both cost and size. 
Therefore, the high number of stages should be avoided 
unless it won’t provide a large increase in the efficiency. 
 

 
 (a) 

 
 (b) 
 
Fig. 5. (a) Real and (b) imaginary parts of the load 
impedance depending on the number of stages for three 
different individual RF energy harvesters at 0 dBm. 
 

III. SIMULATION RESULTS 
The simulations of the system have been carried 

out with the ADS software. Initially, the load impedances 
have been determined at three different frequencies for 
each number of stages. Then the required impedance 
matching circuit parameters have been established by 
the software. Four different systems including 575 MHz, 
900 MHz, 2.45 GHz and triple band RF energy harvesters 
are used in the simulations. The RF input power varying 
from -50 to 20 dBm have been applied to the systems 
for to the load resistances from 0.2 to 60 kΩ. As a 
consequence of this process, the obtained efficiencies 
have been determined. This process has been tried for 
all number of stages from one to twelve. The efficiencies 
calculated are as follows: 
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where Pr and Pt are the received and transmitted 
powers, respectively, Vr is the obtained voltage, RL is 
the load resistance. 

In the RF energy harvester systems, one of the 
most important parameters affecting the output power is 
the input RF power level. Figure 6 shows efficiencies of 
the 900 MHz RF energy harvester from the matched 
and non-matched systems with one stage voltage 
multiplier for the input power levels from -50 dBm to 
20 dBm. As seen from the figure, the impedance 
matching circuit usage reduces the system efficiency for 
the input power levels above 5 dBm. This limit value is 
about 10 dBm and 0 dBm for 575 MHz and 2.45 GHz 
RF energy harvesters, respectively. For RF signals 
below these levels, using IMC causes a significant 
improvement in the efficiency. For instance, if the 
impedance matching process is done for -20 dBm input 
signal, the system efficiency is increased nearly 
seventy-fold. Thus, the determination of the approximate 
signal level of the media where the system is used is 
very important to make an appropriate choice of circuit 
for such applications. The available RF signal level is 
very important in order to obtain the maximum power 
from the system whether the impedance matching 
circuit is used or not. In these applications, the 
saturation effect is a critical parameter for the system 
efficiency. In both of matched and unmatched circuits, 
because of high frequency, the efficiencies decrease by 
effect of the saturation at the higher than a specific 
input power. In addition, the efficiency of the diode 
rectifier will increase until the reverse breakdown 
voltage of the diode. If the reverse voltage appears 
across the diode is greater than breakdown voltage, the 
diode cannot be efficiently rectifier anymore and the 
rest of the input power is converted to heat in the diode. 
This results in the decrease in the output efficiency of 
the RF harvester. 
 

 
 
Fig. 6. The efficiency versus the input power for one 
stage 900 Mhz RF energy harvester. 

Figure 7 shows the block diagram of triple band RF 
energy harvesting system used in this work. As a result 
of the optimization works, capacitors in the IMCs, 
which were used for DTV and GSM RF energy 
harvesters, are deactivated. So the increase in system 
efficiency is provided and also the cost and the size are 
decreased. An amount of increase in the values of used 
inductors has occurred. However, this situation will 
create any drawback in terms of cost and size. 
 

 
 
Fig. 7. The block diagram of proposed triple band RF 
energy harvesting system. 
 

Figure 8 shows the efficiencies of individual DTV 
(575 MHz), GSM (900 MHz) and WiFi (2.45 GHz) RF 
energy harvesters depending on the number of the 
stages at 0 dBm input power. The increase in the input 
signal frequency decreases the system efficiency 
because the radiation resistance effects the system at 
high frequencies. The radiation resistance is directly 
proportional to the frequency. This resistance has an 
ohmic effect and causes loss. Therefore, system 
efficiency is dropped. The system efficiency greatly 
increases for this input power level as a result of the 
impedance matching process. But increasing the 
number of the stage does not cause an increase in the 
efficiency. As a theoretical rule, if the number of stage 
in voltage multipliers increases, the obtained voltage is 
increased, too. But there is not a big increase in the 
efficiency for higher numbers of stage. Even, there is a 
decrease in the efficiency. The reason of this situation is 
the effect of saturation. Considering the effect of 
saturation, the higher numbers of stage cannot provide a 
great benefit in every situation. In addition, the system 
efficiency is dropped the reason of saturation effect at 
the higher frequencies. Therefore, if the impedance 
matching circuit is used for this input power, increasing 
the number of stage is unnecessary. When considered in 
terms of cost and size, using one stage voltage multiplier 
is enough. 
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Fig. 8. The efficiency versus the number of the stages for 0 dBm input power: (a) DTV, (b) GSM, and (c) WiFi. 
 

Figure 9 shows the system efficiency of proposed 
triple band RF energy harvester with one stage voltage 
multiplier depending on the input RF power level and 
the load resistance. The system efficiency depends 
strictly on the input RF power level and the load 
resistance. The load resistance values which obtained 
maximum power differ for each RF signal level as 
shown in Fig. 9. Because the system is optimized 
according to the 0 dBm input power, the maximum 
efficiency is obtained from the system while input 
power is 0 dBm and load resistance is about 6 kΩ. The 
maximum efficiency is obtained 68% at these values. 
When the input power level is between -15 dBm and 
+10 dBm, the system efficiency is realized above 30%. 
These values are wide range for RF energy harvester 
systems. 
 

 
 
Fig. 9. The efficiency of the proposed system with one 
stage voltage multiplier depends on the input power and 
the load resistance. 

At the 0 dBm input RF power level, the system 
efficiency can be obtained as 68% for the load resistance 
is about 6 kΩ, but this rate decreases to about 20% for  
1 kΩ and 20 kΩ. Therefore, accurate determination of 
the load resistance, connected to the output of RF energy 
harvester has a great importance. The load impedance 
cannot be always in these ranges, this problem should 
be solved via the electronic circuits, which will be 
connected to the output of the system. 

Table 2 shows the obtained powers and the 
efficiencies at all cases, which three different RF energy 
harvester have been used individually and one triple 
band RF energy harvester is used. The system efficiencies 
are improved significantly with the use of the proposed 
triple band RF energy harvester. For instance, at 0 dBm 
input RF power, when the individual DTV, GSM and 
WiFi RF energy harvesters are used, total obtained 
power is found to be 1297 μW; whereas, this value 
becomes 2045 μW for the proposed integrated triple 
band RF energy harvester. This proves that an increase 
with approximately 58% occurs in the system efficiency. 

The proposed triple band RF energy harvester is 
increased the efficiency also in the environments where 
only one or two RF signals exist. The system overcomes 
the problem of the low efficiency for individual systems 
with high frequencies such as 2.45 GHz. In a media, 
where only 2.45 GHz RF signal is available, when the 
proposed triple band RF energy harvester is used 
instead of individual RF energy harvester, the obtained 
efficiency from the system increases by approximately 
134%. Thus, the proposed new system can be used with 
high efficiency in both low and high frequencies. The 
obtained efficiency from the proposed system is realized 
as 56.70%, even in the case where only the DTV signal 
is 0dBm input level. 
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Table 2: The output powers and efficiencies for one stage individual and triple band RF energy harvesters at 0 dBm 
 Individual System Triple Band System  

575 
MHz 

900 
MHz 

2.45 
GHz 

Power 
(μW) 

Efficiency 
(%) 

Power 
(μW) 

Efficiency 
(%) 

Difference 
% 

   1297 43.27 2045 68.18 +57.57 
   1000 50.02 1324 66.21 +32.36 
   848 42.41 1289 64.43 +51.92 
   745 37.26 1448 72.42 +94.36 
   552 55.17 567 56.70 +2.77 
   449 44.86 726 72.57 +61.77 
   297 29.65 694 69.35  

 
IV. CONCLUSIONS 

The voltage multiplier circuits must be used in RF 
energy harvester, because obtained voltage is very low 
in scale. The obtained voltage and the harvested power 
directly depend on the input RF signal level. The 
impedance matching process significantly increases the 
obtained power from the system especially at low levels 
input RF signals. Therefore, if there are low level input 
signals for the RF energy harvesting, the impedance 
matching must be used. But the impedance matching 
process cannot provide a major contribution to the 
harvested power at the high levels input RF signals 
such as 20 dBm. The high levels of input RF signal do 
not always mean the high efficiency. In this work, the 
maximum efficiency has been obtained in the case, 
which the input signal is 0 dBm. With the use of 
proposed triple band RF energy harvester, the efficiency 
is increased by 58% compared to the conventional 
individual systems having three different frequencies. 
Furthermore, the system is increased the efficiency 
significantly also in environments, where only one or 
two RF signals exist. 
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