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Abstract 

Radio-frequency identification (RFID) is the wireless use of electromagnetic 

fields to transfer data, for the purpose of automatically identifying and tracking tags 

attached to objects. It is one of hot topics recently. The power supply is one of key 

factors restricting the lifetime and performance of RFID. The main focus is to power 

RFID system with clear power source.  

In this work, a harvester consisting of a matching network, a rectifier and a load is 

investigated. The operation of a Schottky diode based rectifier which is the core part in 

the harvester is researched seriously. The Schottky diode based rectifier consisting of 

single-stage or multi-stage of voltage doublers is applied in radio frequency (RF) power 

harvesting. Analytical modeling of the equivalent circuits composed of a resistor and a 

capacitor. The resistor and the capacitor from the analytical modeling are applied in the 

simulation of impedance matching. 

The design trade-off among the stages of the voltage doubler, load of the harvester, 

the output voltage and the efficiency is discussed owing to the variation of input 

impedance with the input power. Moreover, a trade-off between the load in the harvester 

and the stages of the voltage doubler is stated based on the analysis of the simulation 

results by Advanced Design System (ADS) with the criteria that the output voltage is 

higher than 1V. Some conclusions about the harvester are obtained by the simulation 

and analysis. The sensitivity of the harvester is around -23dBm. Rectifiers with more 

stages have lower input impedance and lower speeds of variation in input impedance. 

Larger loading impedance in the harvester leads to higher output voltage but lower 

conversion efficiency. Four-stage voltage doubler and 5M ohm load should be chosen 

when the input power ranges from -23 to -20dBm. Two-stage voltage doubler with 500k 

ohm load is a better choice with input power between -20 and -15dBm. For input power 

from -15 to -5dBm, single-stage voltage doubler and 50k ohm are utilized. When the 

input power is larger than -5dBm, two-stage voltage doubler and 50k ohm should be 

chosen. 
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Chapter 1 Background of Ambient Energy Harvesting 

Radio-frequency identification (RFID) is the wireless use of electromagnetic 

fields to transfer data, for the purposes of automatically identifying and tracking tags 

attached to objects. With promising application in large numbers of fields, like the 

access management and the tracking of goods, RFID has become part of the emphasis 

of current researches. As a result, more researches relevant with RFID are undergoing. 

One of key factors restricting the lifetime and performance of RFID is power supply. 

More researchers are concentrating on powering RFID system with clear power source. 

Excessive use of natural resources is a major issue bothering people today. 

Obviously natural resources such as natural gas, coal and petroleum will be exhausted 

in the future. And the overuse of traditional natural resources causes many side-effects 

on the environment. Researchers are trying to find new energy resources to replace the 

traditional power supply. One of the alternatives is ambient energy.  

There is abundant ambient electromagnetic energy from television, radio 

transmitters and cellular, as well as satellite and other wireless communication system. 

Other sources include physical motion, solar energy and wind, ocean waves and sound 

waves. Ambient energy harvesting is a process obtaining energy from natural human-

made sources surrounding us in daily environment.  

The concept of ambient energy harvesting has been put forward for many years. 

In recent decades, the development of radio-frequency identification (RFID) and 

wireless sensor network (WSN) make it become the focus of researches. 

From the survey of available ambient energy sources [1], we can see the solar 

energy is much stronger than other forms of ambient energy. However, in all kinds of 

ambient energy, ambient RF energy is more applicable for energy harvesting because it 

is abundant regardless of time of day or location of the system (indoor or outdoor). In 

contrast, location and time must be considered carefully in the other system relying on 

solar energy or thermal energy. 
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1.1 basic structure of harvester 

A harvester is composed of four parts. An antenna is chosen to achieve signal of 

desired frequency band. A rectifier is followed by the storage element or a load. 

Impedance matching network is between antenna and rectifier to optimize power 

transfer. 

Figure 1.1 Basic architecture of rectenna 

Rectifier circuits contain rectifying elements to convert AC signals from antenna 

to DC signals. Usually, rectifier is linked to a storage element first, which is usually a 

big capacitor. Then connect it to the device followed which can be seen as a load when 

the capacitor is charged the voltage high enough. 

1.2 Configuration of Harvester 

1.2.1 Power Sources and the Antenna 

A harvester consists of four parts as stated in chapter 1.1. The harvester is to gather 

the ambient energy then convert it to the energy which can be reused in other fields. 

Obviously, the antenna in the front of the rectenna is a receiver to acquire the energy 

we desire. The type of the antenna depends on what kind of energy we are interested in. 

Actually, a large number of sources existing in the environment can be utilized, such as 

solar energy, ambient RF energy, thermal energy, vibration and so on.[2][3] 

Consequently, many researches on the energy sources have be reported. 

Widely available ambient energy sources are concluded in table 1.1.  

Solar energy features high power density of 100mV/𝑐𝑚2  in the daytime for 

about 4-8 hours. The harvesting for solar energy has been researched for many years 
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and the technology is well-developed but the problems lie in its limitation of lights. And 

if we want to harvest solar energy, the antenna will be replaced by a solar panel. 

Therefore, the amount of power collected is determined by the parameters of the solar 

panel which results in a large panel is necessary. 

Table 1.1 Available Ambient Energy Sources [1] 

 Solar energy[4]-[7] 
Thermal 

Energy[8] 

Ambient RF 

Energy[2][9] 
Vibration[10][11] 

Power 

Density 
100𝑚𝑊/𝑐𝑚2 100𝜇𝑊/𝑐𝑚2 0.0002-1𝜇𝑊/𝑐𝑚2 200𝜇𝑊/𝑐𝑚2 

Output 

0.5V(single Si cell) 

1.0V(single a-Si 

Cell) 

- 3-4V(Open circuit) 10-25V 

Available 

Time 

Day time 

(4-8 hours) 
Continuous Continuous 

Activity 

Dependent 

Pros 

Large amount of 

energy; 

Well-developed 

tech 

Always 

available 

Antenna can be   -        

integrated onto frame; 

Widely available 

Well-developed 

tech; 

Light weight 

Cons 

Need large area; 

Non-continuous; 

Orientation issue 

Need large 

area; 

Low power; 

Rigid & brittle 

Distance dependent; 

Depending on 

available power 

source 

Need large area; 

Highly variable   

output 

Thermal energy is another power source used widely. In the thermal energy 

harvesting, a thermoelectric device replace the antenna. Thermoelectric devices detect 

the temperature difference then generate electrical power by making the use of the 

thermoelectric effects. Thermoelectric devices can generate electric power 

continuously as long as there is temperature difference continuously. However, the 

thermoelectric energy harvesters are usually heavy and rigid compared with other 

harvester such as a RF signal harvester.  
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Compared with other common power sources, density of the ambient RF energy 

is relatively low, which is 0.0002-1𝜇𝑊/𝑐𝑚2. However, more energy can be harvested 

by a high gain antenna. Apart from that, the density of available ambient energy keeps 

increasing owing to the expanding of wireless communication. It is useful to charge the 

battery. And an outstanding advantage is that the ambient RF harvester can operate at 

any time. Furthermore, ambient RF energy harvesters are easily integrated with all 

kinds of antenna. One challenge is to harvest such low –power-density signal. 

Correspondingly, the other is to lift up the conversion efficiency. In the ambient RF 

energy harvesting, the choosing of antenna is based on the frequency band desired.  

1.2.2 Rectifier 

Most electrical circuits are powered by direct currents. And there are some 

requirements on it. A rectifier is necessary in the harvester as the power obtained from 

the front of the harvester is possibly not suitable to provide energy to the devices 

directly. We need a rectifier to convert the energy to some voltage or current to power 

the devices following.  

If solar energy is the power source, the energy we get from it is in the form of DC 

power. So the rectifier should be a DC-DC converter to transform the power to a form 

which can be reused by the next stage. If ambient RF energy is the power source, the 

energy we obtain from it is in the form of AC power. Correspondingly, the rectifier 

converts the AC power to DC power. And it is possible to play an extra role of charge 

pump to step up the voltage as the power from ambient RF energy is usually quite low 

which cannot drive the device following. 

In conclusion, rectifier is an indispensable element in a harvester. It converts the 

energy harvested to useful power for other devices. 

1.2.3 Impedance Matching Network 

From the research before, the power density is really low. The maximum power 
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density is 100mV/𝑐𝑚2. The signal is so weak that the loss in the circuit will have a 

huge influence on the output power. The loss in the circuit may be little but it is 

comparable with the obtained power from the energy sources. Thus, the loss will lead 

to a low conversion efficiency. When the source output resistance equals to the input 

resistance, the output power is maximum according to the maximum power transfer 

theory. An impedance matching network realizes maximum power transfer by 

decreasing the loss during power transformation. 

1.3 Thesis Contribution 

Before we start this work, we did survey about ambient energy harvesting and do 

some pre-study. We found that the input impedance of the rectifier is variable with the 

input power. However, the RF signals we want to harvest are usually inconstant in real 

life case. That means an inappropriate fixed impedance matching network will have a 

huge influence on the conversion efficiency, especially when the input power is 

relatively low. So in this work, we paid more attention on rectifier than antenna and 

matching network. 

In this work, we compare several kinds of rectifier, then choose the voltage doubler 

and voltage multipler as rectifier. We measure the spectrogram of RF signals in our 

laboratory and found that signal in GSM900 band was strongest, around -40dBm. 

Considering laboratory environment, we choose RF signal of 890MHz as our desired 

signal. Using Advanced Designed System 2009 to do the simulation, we discussed the 

relationship among input power, input impedance, the number of stages, value of loads, 

the output voltage and the conversion efficiency. In the end, we provided a design trade-

off about how to determine all of these values based on different situation such as 

different input power.  

 

 

 



 

- 6 - 

 

Chapter 2 Design of rectifier 

2.1 Rectifier configuration 

The idea of ambient energy harvesting has been provided for decades. Playing the 

role of converting AC signal to DC signal, which is the core in the system, rectifier is 

always the focus of researchers. Since 1950s, all kinds of rectennas have been designed 

and research groups applied different devices and configurations.[12] Actually, in most 

case, apart from functioning as an AC-DC converter, rectifiers elevate the level of DC 

voltage as well. 

2.1.1 Schottky Diode 

Scientific researchers have investigated many different implementations for 

ambient RF energy harvesting. The simplest design of rectifiers is a Schottky diode. 

Schottky diodes are chosen for rectification purposes owing to its low turn-on voltage 

and shorter transit time than other p-n diodes and transistors. The low turn-on voltage 

is necessary as Schottky diodes do not need to operate with bias. As a result, they won’t 

operate in the most precipitous region in the IV curve. Besides, transit time is also 

important for rectifier. Because diodes in rectifiers must have a smaller transit time than 

the cycle of input signal. So it is required that Schottky diodes are able to work with 

zero bias and short transit time for low power and high frequency rectification. Schottky 

diode SMS7630 (Skyworks) and Schottky diode HSMS2850 (Avago Technology) are 

commonly used. [13]-[15] 

Manuel et al. [13] proposed a simple rectenna based on Schottky diode. They used 

Schottky diodes SMS7630 diode in the way of series configuration. All of their work 

was based on the data from their survey taken outside 270 London Underground 

stations. Four harvesters were made to cover four frequency bands. Peak efficiency is 

up to 40% in GSM900 band. The sensitivity is as low as -29dBm.  
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Figure 2.1 Schottky diode with L-matching network [13] 

2.1.2 Voltage Doubler 

Voltage doubler consists of two part. The first part (C1 and D1) is a voltage 

clamper and the second part (C2 and D2) is a voltage peak detector. The working 

principle of the circuits is simple. If we assume the input signal is a sinusoid with 

amplitude 𝑉𝑚 and the diodes are ideal, the output voltage (2Vm) is DC signal and twice 

that at the input. In the positive half of the cycle, D1 is off and D2 is on. The RF signal 

is rectified by the second part (C2 and D2). And then in the negative half of the cycle, 

D1 is on and D2 is off. The RF signal is rectified by the first part (C1 and D1). However, 

in the positive half, the voltage stored in C2 is elevated by the voltage stored in C1. As 

a result, the voltage on C2 is around twice the peak voltage of input RF signal. [16] 

                                                  𝑉𝑜𝑢𝑡 = 2 ∗ 𝑉𝑚                                                   (2.1) 

 

Figure 2.2 Voltage Doubler Schematic 

 

Higher voltage can be achieved by cascading multiple stages of voltage doubler 
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circuits as the output voltage of the stage functions as the DC input voltage of the next 

stage and the signal from source RF signal provides the AC input signals for the stage. 

However, one point that more stages, lower conversion efficiency cannot be ignored. 

The increasing of the number of stages causes more power loss in the rectifier. 

 

Figure 2.3 voltage multiplier 

Output voltage and conversion efficiency are two fundamental performance 

parameters for a rectifier. In the multi-stage voltage doubler, the expression for the DC 

steady-state output voltage with identical diodes is 

                  𝑉𝑜𝑢𝑡 = 2 ∗ 𝑁 ∗ (𝑉𝑖𝑛 − 𝑉𝑡ℎ)                     (2.2) 

Where 𝑉𝑜𝑢𝑡  is the DC output voltage, N is the number of stage,  𝑉𝑖𝑛  is the 

amplitude of input RF signal and 𝑉𝑡ℎ is the voltage on the diode.  

In order to minimize the threshold voltage of the diodes, Schottky diodes are 

commonly used in voltage multiplier. 

We define the conversion efficiency as the ratio of output power to the input power 

from antenna. 

η =
𝑃𝑑𝑐

𝑃𝑟𝑓
= 1 −

𝑃𝑙𝑜𝑠𝑠

𝑃𝑟𝑓
                         (2.3)  

Where 𝑃𝑑𝑐 is the output power, 𝑃𝑟𝑓 is the power from the antenna, and 𝑃𝑙𝑜𝑠𝑠 is 

the loss in the rectifier. 

Danilo et al. [17] presented a four-stage voltage multiplier as rectifier. With the 

help of a DC-DC voltage booster, they realized the sensitivity of -14dBm in band of 

866.5MHz. They compared their work with some other scheme. It is obvious there is a 

trade-off between the output voltage and the number of stages. 
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2.1.3 CMOS RF Rectifier 

Although Schottky diodes have so many advantages, owing to the incompatibility 

with standard CMOS process and its limited application, it is expensive for the 

integration of Schottky diodes. MOSFET diodes become a popular choice for their 

compatibility and comparably low cost. 

 

Figure 2.4 Rectifier circuit implementation with Vth self-cancellation [21] 

 

Figure 2.5 PMOS floating-gate rectifier [20] 

However the main drawback of MOSFET diodes is the loss in MOSFET devices 

as there is one threshold voltage loss at least in it, which lowers the conversion 

efficiency. This disadvantage become more prominent when the input power is 

comparably with the power loss in the circuits. 

However, with the development of CMOS technology, some solutions were 

provided to solve the problem through Vth self-cancellation schemes [18][19] or gate 

floating [20]. The outstanding performance of the CMOS RF rectifier reflects in 

improving the sensitivity of the rectenna. [21] 

Rectifier is the core part of the harvester. So the choosing of rectifier is essential 

for the output voltage and conversion efficiency. 
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2.1.4 Comparison among the three configurations  

The first one, Schottky diodes have shorter transit time and the property of zero-

bias. Both the properties determine that Schottky diodes are quite suitable to work as a 

rectifier, especially for low input power and high frequency. However, our purpose of 

this work is to find a strategy to adjust the structure of rectifier and the load to realize 

the best combination of output voltage and conversion efficiency. One significant 

feature of rectifier is that the input impedance of rectifier varies with the input power. 

If a single diode is utilized as a rectifier, the structure of the rectifier is fixed and cannot 

be changed to suit different signal strength. So we gave up the idea of using a single 

Schottky diode as the rectifier. 

The second one, CMOS RF rectifiers become increasingly popular in ambient 

energy harvesters. But the main drawback of CMOS RF rectifiers is that there is at least 

one threshold voltage loss in it, which has great influence on the converse efficiency 

especially for low input power. Although there have been so much new CMOS 

technology such as floating gate and Vth self-cancellation schemes solving the 

problems aroused by threshold voltage, considering the time we have and the 

complication of simulation, we drop the idea of using CMOS RF rectifiers. 

 

Figure 2.6 voltage doubler (one-stage) 

The third one, voltage doublers and voltage multipliers are commonly applied in 

RF energy harvesting and they are suitable for our work because of the flexibility of the 

structure. As I said before, we focused on how to adjust the structure according to the 
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different signal environment. Voltage doublers and voltage multipliers can be easily 

changed by adjusting the stages, which is the effective way to raise the output voltage 

for input signals of different power. 

 

Figure 2.7 voltage multiplier (three-stage) 

In our design, we used Schottky diodes in voltage doubler and voltage multiplier 

owning to the properties of short transit time and zero-bias. 

2.2 Model of Ideal Schottky Based Voltage Doubler 

The rectifier is used in the situation of low input power and high frequency. In the 

meantime, the output voltage and conversion efficiency are essential parameters for 

rectifier. All of these requirements determine that maximum power transfer from 

antenna to rectifier is significant. That is to say, impedance matching network is of great 

significance. In order to realize effective impedance matching, we built a model to 

calculate the comparatively accurate input impedance. And the value will be fined in 

simulation to achieve a better matching. 

The model of Schottky based voltage doubler can be seen as a resistor in parallel 

with a capacitor simply.[22] With diodes in the circuit, rectifier is a non-linear circuit 

in essential. As a consequence, it is difficult to analysis the circuit in time domain. 

However, we can construct the model in steady state. So we can get constant input 

impedance, input capacitor, output current, output voltage and output power. The 

currents and voltages through each element can be derived by analyzing one-stage 

voltage doubler. The expressions for multi-stage voltage doubler can be easily extended 

from what we get in one-stage voltage doubler. And these expression for current and 
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voltage be applied to calculate equivalent input impedance and input capacitance.  

As we did the calculation in ideal case, some assumptions are made. All the 

elements in the circuits are identical and lossless. The rectifier operates in steady state 

mode. The output currents, output voltages as well as input power are constant. 

Coupling capacitors are seen as short-circuits in analysis. 

2.2.1 Steady State Solution of Voltage Doubler 

The one-stage voltage doubler is illustrated in figure 2.8. Denote the capacitors 

and diodes as C1, C2, D1, D2, RL respectively as illustrated in figure 2.8. The input 

voltage is a sinusoidal wave 𝑉𝑖𝑛(𝑡) with amplitude 𝑉𝑖𝑛
̅̅̅̅  and frequency ω. The current 

through D1 and D2 is 𝑖1(𝑡) and 𝑖2(𝑡) respectively. Voltages on C1, C2, D1, D2, RL 

are 𝑉𝐶1, 𝑉𝐶2, 𝑉1(𝑡), 𝑉2(𝑡), 𝑉𝑜𝑢𝑡. 

 

Figure 2.8 one-stage voltage doubler 

The working principle of the circuit is comprehensible. As the source of the circuit 

is seen as sinusoidal wave, the circuit is analyzed into two parts.  

In the negative half cycle, 

𝑉1(𝑡) = −𝑉𝑖𝑛(𝑡) − 𝑉𝐶1                          (2.4) 

𝑉2(𝑡) = − 𝑉𝑖𝑛(𝑡) −   𝑉𝑖𝑛
̅̅̅̅                           (2.5) 

In the positive half cycle, 

𝑉2(𝑡) = −𝑉1(𝑡) − 𝑉𝐶2                       (2.6) 

𝑉2(𝑡) = 𝑉𝑖𝑛(𝑡) + 𝑉𝑖𝑛 − 𝑉𝐶2                       (2.7) 

𝑉2(𝑡) = 𝑉𝑖𝑛(𝑡) +  𝑉𝑖𝑛
̅̅̅̅ − 2 ∗  𝑉𝑖𝑛

̅̅̅̅                      (2.8) 

𝑉2(𝑡) = 𝑉𝑖𝑛(𝑡) −  𝑉𝑖𝑛
̅̅̅̅                         (2.9) 
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Leading to 

𝑉𝑜𝑢𝑡 = −𝑉1(𝑡) − 𝑉2(𝑡) = 2 ∗ 𝑉𝑖𝑛
̅̅̅̅                   (2.10) 

 

Figure 2.9 Analysis of the voltage doubler in the negative half (left) and positive half (right) 

For multi-stage voltage doubler, each stage is driven by the former stage. The 

output voltage for N-stage voltage doubler, which can be computed in the similar way, 

is 

     𝑉𝑜𝑢𝑡 = 2 ∗ 𝑁 ∗ 𝑉�̅�                            (2.11) 

Where N is the number of stage in the configuration of voltage doubler. 

According to the conservation law of charge, the output DC current 𝐼𝑜𝑢𝑡 can be 

deduced by time domain analysis. We assume the diodes are lossless so that they 

conduct in half of the input signal. We can yields 

∫ 𝑖2(𝑡)𝑑𝑡
𝑇

2
0

= ∫ 𝑖𝐶2(𝑡)𝑑𝑡
𝑇

2
0

+ ∫ 𝐼𝑜𝑢𝑡𝑑𝑡
𝑇

2
0

                   (2.12) 

∫ 𝑖2(𝑡)𝑑𝑡
𝑇

𝑇

2

= ∫ 𝑖𝐶2(𝑡)𝑑𝑡
𝑇

𝑇

2

+ ∫ 𝐼𝑜𝑢𝑡(𝑡)𝑑𝑡
𝑇

𝑇

2

                (2.13) 

One point that cannot be ignored is that in steady state, the amount of charge 

provided by D2 compensates the same amount of charge flowing to the load from C2 

in the positive half cycle. That is to say the sum of current through C2 is zero in steady 

state. Apart from that, since the circuit is in steady state, the DC voltage on the load 

doesn’t change. Thus, the output current is unchanged. Adding the equations of 2.8 and 

2.9 yields 

∫ 𝑖2(𝑡)𝑑𝑡

𝑇
2

0

+ ∫ 𝑖2(𝑡)𝑑𝑡
𝑇

𝑇
2

= ∫ 𝑖𝐶2(𝑡)𝑑𝑡

𝑇
2

0

+ ∫ 𝑖𝐶2(𝑡)𝑑𝑡
𝑇

𝑇
2

+ ∫ 𝐼𝑜𝑢𝑡𝑑𝑡

𝑇
2

0

+ ∫ 𝐼𝑜𝑢𝑡(𝑡)𝑑𝑡
𝑇

𝑇
2

 

∫ 𝑖2(𝑡)𝑑𝑡
𝑇

0

= ∫ 𝑖𝐶2(𝑡)𝑑𝑡
𝑇

0

+ ∫ 𝐼𝑜𝑢𝑡𝑑𝑡
𝑇

0

= ∫ 𝐼𝑜𝑢𝑡𝑑𝑡
𝑇

0
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∫ 𝑖2(𝑡)𝑑𝑡
𝑇

0
= 𝐼𝑜𝑢𝑡 ∗ 𝑇                            (2.14) 

Although 𝑖2(𝑡) is only non-zero in the positive half cycle, for simplicity, we 

extended the integration limit to the whole cycle. In the positive half cycle, C1 provides 

the current passing through D2 because D1 is reverse biased at this time. During the 

negative half cycle of the source, D2 is reverse biased. D1 has to play the role of 

providing the charge needed by C1 in order to recharge C2 in the positive half cycle. A 

similar result will come out if it is done in the same way, 

∫ 𝑖1(𝑡)𝑑𝑡
𝑇

0
= 𝐼𝑜𝑢𝑡 ∗ 𝑇                            (2.15) 

2.2.2 Equivalent input impedance 

As the diode is non-linear device, the current entering the rectifier is not constant. 

The input impedance varies with input current. However, we want to build a model that 

the input impedance 𝑅𝑖𝑛 is constant in time domain. So we use the concept of mean 

input power 𝑃𝑖𝑛
̅̅ ̅̅  to deduce the relationship between mean input power 𝑃𝑖𝑛

̅̅ ̅̅  and input 

impedance 𝑅𝑖𝑛, 

𝑃𝑖𝑛
̅̅ ̅̅ = ∫ 𝑣𝑖𝑛(𝑡) ∗ 𝑖𝑖𝑛(𝑡) ∗ 𝑑𝑡

𝑇

0
                        (2.16) 

We use a sinusoidal voltage source as input source. Representing the current in a 

sinusoidal way,  

𝑖𝑖𝑛(𝑡) =
𝑣𝑖𝑛(𝑡)

𝑅𝑖𝑛
=

𝑣𝑖𝑛̅̅ ̅̅̅∗𝑠𝑖𝑛𝜔𝑡

𝑅𝑖𝑛
                           (2.17) 

In the ideal situation, there is no loss in the rectifier. Consequently, the output DC 

power delivered to load from the source through the rectifier equals to the input power.  

The equation can be achieved below 

𝑃𝑖𝑛
̅̅ ̅̅ = 𝑃𝑑𝑐 = 𝑉𝑜𝑢𝑡 ∗ 𝐼𝑜𝑢𝑡                            (2.18) 

Using equation 2.10, 2.16 and 2.17, rewrite equation 2.18 

∫ 𝑣𝑖𝑛(𝑡) ∗ 𝑖𝑖𝑛(𝑡) ∗ 𝑑𝑡
𝑇

0

= 2 ∗ 𝑣𝑖𝑛̅̅ ̅̅ ∗ 𝐼𝑜𝑢𝑡 



 

- 15 - 

 

∫ 𝑣𝑖𝑛̅̅ ̅̅ ∗ 𝑠𝑖𝑛𝜔𝑡 ∗
𝑣𝑖𝑛̅̅ ̅̅ ∗ 𝑠𝑖𝑛𝜔𝑡

𝑅𝑖𝑛
∗ 𝑑𝑡

𝑇

0

= 2 ∗ 𝑣𝑖𝑛̅̅ ̅̅ ∗ 𝐼𝑜𝑢𝑡 

𝑣𝑖𝑛̅̅ ̅̅ 2

𝑅𝑖𝑛
∫ 𝑠𝑖𝑛2𝜔𝑡𝑑𝑡

𝑇

0

= 2 ∗ 𝑣𝑖𝑛̅̅ ̅̅ ∗ 𝐼𝑜𝑢𝑡 

                      𝑅𝑖𝑛 =
𝑣𝑖𝑛̅̅ ̅̅̅

4∗𝑁∗𝐼𝑜𝑢𝑡
                          (2.19) 

Using equation 2.8, we achieve the input impedance for N-stage voltage doubler, 

𝑣𝑖𝑛̅̅ ̅̅̅2

𝑅𝑖𝑛
∫ 𝑠𝑖𝑛2𝜔𝑡𝑑𝑡

𝑇

0
= 2 ∗ N ∗ 𝑣𝑖𝑛̅̅ ̅̅ ∗ 𝐼𝑜𝑢𝑡                         (2.20) 

2.3 Model of Schottky Based Voltage Doubler in real case 

In real case, the diodes in the rectifier have some imperfection, such as threshold 

voltage, reverse current. The threshold voltage may be negligible but still exists even 

though we use the zero-bias Schottky diodes in the rectifier.   

The calculation of input capacitance is not computed in the ideal case cause the 

calculation of 𝐶𝑖𝑛 in real case is more meaningful.  

Denote 𝑉𝑑
̅̅ ̅ as the voltage across each diode in steady state. In ideal case, the 

voltage across the diodes 𝑉𝑑
̅̅ ̅ equals to 𝑉𝑖𝑛

̅̅̅̅  when the system reaches the steady state 

equilibrium. Taking the imperfections of the circuits into consideration, the main 

difference in the real case is that the voltage across each diode in the rectifier, 𝑉𝑑
̅̅ ̅ is no 

longer equal to 𝑉𝑖𝑛
̅̅̅̅ . And 𝑉𝑑

̅̅ ̅ is a function of 𝑉𝑖𝑛
̅̅̅̅ .  

2.3.1 Steady State Solution of Voltage Doubler 

In real case, 𝑉𝑑
̅̅ ̅ is a little smaller than 𝑉𝑖𝑛

̅̅̅̅ , which is aroused by the threshold 

voltage of the diodes. We consider all the problems in steady state, so the amount of 

charges entering the capacitor C2 equals that leaving the capacitor C2. Capacitor C1 

shares same circumstance. Equation 2.11 and 2.12 are still reasonable. Rewrite the 

expression for output voltage 𝑉𝑜𝑢𝑡, 

𝑉𝑜𝑢𝑡 = 4 ∗ 𝑁 ∗ 𝑉𝑑
̅̅ ̅                               (2.21) 
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The value 𝑉𝑑
̅̅ ̅ in real case can be got through solving the equation below: 

        ∫ 𝑖𝐷[𝑣𝐷(𝑡)]𝑑𝑡 = 𝐼𝑜𝑢𝑡𝑇
𝑇

0
                             (2.22) 

In the equation 2.22, 𝑣𝐷(𝑡)  represents the voltage across each diode in the 

rectifier at balance. 𝑖𝐷[𝑣𝐷(𝑡)] means the current through each diode is the function of 

𝑣𝐷(𝑡). 𝑣𝐷(𝑡) can be expressed in: 

𝑣𝐷(𝑡) = 𝑉𝑑
̅̅ ̅ ± 𝑉𝑖𝑛

̅̅̅̅ 𝑠𝑖𝑛𝜔𝑡                            (2.23) 

The steady state voltage 𝑉𝑑
̅̅ ̅ is a function of 𝑉𝑖𝑛

̅̅̅̅  when setting a fixed 𝐼𝑜𝑢𝑡. 𝑉𝑑
̅̅ ̅ can 

be got from the relationship in equation 2.22. The output DC voltage 𝑉𝑜𝑢𝑡  can be 

calculated by the equation 2.21. 

2.3.2 Equivalent input capacitance 𝑪𝒊𝒏 

Parasitic effect cannot be ignored in real device, especially at high frequency. The 

equivalent capacitance comes in two ways, the intrinsic half because of formation of 

channel, the extrinsic half because of the layout and geometry of the device. The 

equivalent capacitor of one diode as a function of bias voltage added on it can be 

measured.  

When the frequency of the source signal is high (in this work, RF signal), the 

equivalent input capacitance of the rectifier weakens the amplitude of input voltage. 

Correspondingly, the output voltage is weakened, which is also the reason why we 

won’t use rectifier with lots of stages.  

The equivalent capacitor can be computed by the way of calculating the mean 

capacitance in one cycle of the source signal. 

𝐶𝑖𝑛,𝑟𝑒𝑐𝑡 =
2∗𝑁

𝑇
∫ 𝐶𝑑[𝑉𝑑

̅̅ ̅ + 𝑉𝑖𝑛
̅̅̅̅ 𝑠𝑖𝑛𝜔𝑡]𝑑𝑡

𝑇

0
                  (2.24)  

Apart from the capacitance at the input of rectifier, the capacitance from layout 

and geometry (we call it 𝐶𝑎𝑑𝑑𝑒𝑑) can be calculated approximately by extracting CAD 

parasitic, which can be realized by some tools. To sum up, the total equivalent capacitor 

is  

𝐶𝑖𝑛 = 𝐶𝑖𝑛,𝑟𝑒𝑐𝑡 + 𝐶𝑎𝑑𝑑𝑒𝑑                           (2.25) 
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Chapter 3 Impedance Matching Network  

In this chapter, the detail of impedance matching network will be discussed. As it 

is mentioned before, impedance matching network is necessary to realize maximum 

power transfer. In this work, when the output impedance of antenna does not equal to 

the input impedance of the rectifier, there will be power loss existing in the system. And 

in most case, the output impedance of antenna and input impedance of the rectifier are 

not equal. Then an impedance matching network should be put between antenna and 

rectifier. 

The schemes of impedance matching network will be discussed. Theoretical 

deduction of matching network and the parameters influencing the efficiency and the 

output voltage will be analyzed in detail.  

3.1 Derivation of impedance matching network 

Matching networks are used to minimize loss and maximum power transfer from 

the antenna to the rectifier. In chapter 2, we modeled the equivalent input impedance of 

rectifier as a capacitor in paralleled with a resistor. According to the theory of maximum 

energy transfer, when the impedance of the antenna and the rectifier match, the 

maximum power transfer is realized from antenna to rectifier. Under this circumstance, 

all the available power received by antenna is transferred to the rectifier, and the voltage 

across the rectifier is half of that from the antenna. The output impedance of antenna is 

usually resistive. So the impedance matching network accordingly matches the input 

impedance of the rectifier to the output impedance of the antenna. Commonly, we match 

the input impedance of rectifier to 50ohm in convenience. We will introduce and 

compare two types of impedance matching network that are widely used, L-match 

network and π-match network. 

In this chapter, the equations concerning the matching condition will be derived.  
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3.1.1 L-match network 

L-match network is the most common impedance matching network owing to its 

simplicity. Figure 3.1 shows the L-match network. The rectifier is modeled as a 

resistor 𝑅𝑟𝑒𝑐 paralleled with a capacitor 𝐶𝑟𝑒𝑐. The impedance network consists of a 

capacitor 𝐶𝑚 and an inductor 𝐿𝑚. The impedance seen from the antenna is 𝑍𝑖𝑛. With 

all the conditions known, the values of the capacitor 𝐶𝑚 and the inductor 𝐿𝑚 are 

calculated below,  

𝑍𝑖𝑛 = 𝑗𝜔𝐿𝑚 +
1

𝑗𝜔𝐶𝑚
//

1

𝑗𝜔𝐶𝑟𝑒𝑐
//𝑅𝑟𝑒𝑐                 (3.1) 

𝑍𝑖𝑛 = 𝑗𝜔𝐿𝑚 +
𝑅𝑟𝑒𝑐∗

1

𝑗𝜔(𝐶𝑚+𝐶𝑟𝑒𝑐)

𝑅𝑟𝑒𝑐+𝑗𝜔(𝐶𝑚+𝐶𝑟𝑒𝑐)
   

𝑍𝑖𝑛 = 𝑗𝜔𝐿𝑚 +
𝑅𝑟𝑒𝑐

1 + 𝑗𝜔𝑅𝑟𝑒𝑐(𝐶𝑚 + 𝐶𝑟𝑒𝑐)
 

𝑍𝑖𝑛 =
𝑅𝑟𝑒𝑐 + 𝑗[𝜔𝐿𝑚 + 𝑅𝑟𝑒𝑐

2 𝜔3𝐿𝑚(𝐶𝑚 + 𝐶𝑟𝑒𝑐)2 − 𝜔𝑅𝑟𝑒𝑐
2 (𝐶𝑚 + 𝐶𝑟𝑒𝑐)]

1 + 𝑅𝑟𝑒𝑐
2 𝜔2(𝐶𝑚 + 𝐶𝑟𝑒𝑐)2

 

 

Figure 3.1 The equivalent circuits of L-match network 

As we know, the output impedance of the antenna is resistive, in order to attain the 

perfect match, the resistance 𝑍𝑖𝑛 seen from the antenna should be a real number equal 

to the output impedance of the antenna. Thus, we get the real part of 𝑍𝑖𝑛 

𝑅𝑖𝑛 =
𝑅𝑟𝑒𝑐

1+𝑅𝑟𝑒𝑐
2 𝜔2(𝐶𝑚+𝐶𝑟𝑒𝑐)2

                        (3.2) 

The imaginary part of 𝑍𝑖𝑛 

𝑋𝑖𝑛 =
𝜔𝐿𝑚+𝑅𝑟𝑒𝑐

2 𝜔3𝐿𝑚(𝐶𝑚+𝐶𝑟𝑒𝑐)2−𝜔𝑅𝑟𝑒𝑐
2 (𝐶𝑚+𝐶𝑟𝑒𝑐)

1+𝑅𝑟𝑒𝑐
2 𝜔2(𝐶𝑚+𝐶𝑟𝑒𝑐)2 = 0             (3.3) 
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3.1.2 𝛑-match network 

With the advantage of simplicity, L-match network is widely used. In most case, 

L-match network handle with it very well. However, when the load is large enough, the 

values of the inductor and capacitor in the matching network are usually not attainable, 

for example, the value of the capacitor might be in the unit of fF, which cannot be 

realized in the real case. In this case, π-match network can be used to replace L-match 

network. 

 

Figure 3.2 the equivalent circuit of π-match network 

In figure 3.2, there are three components in the π-match network. However, we 

can only get two equations which cannot solve all the unknown parameters. In order to 

achieve all the values, we divide the inductor 𝐿𝑚 into 𝐿𝑚1 and 𝐿𝑚2. Then separate 

the π-match network into two parts which makes the results available.  

In our work, the π-match network is used in the case of large load that L-match 

work cannot match well. In the first place, calculate the inductor 𝐿𝑚2 and capacitor 

𝐶𝑚2. Figure 3.3(a) shows a circuit that transfer the higher equivalent resistance to a 

lower one seen from the input of the circuit. The expression for the resistance seen from 

the input in figure 3.3(a) is calculated below. 

𝑍𝑝 = 𝑗𝜔𝐿𝑚2 + 𝑅𝑟𝑒𝑐//
1

𝑗𝜔(𝐶𝑚2+𝐶𝑟𝑒𝑐)
                      (3.4) 

      𝑍𝑝 =
𝑅𝑟𝑒𝑐+𝑗[𝜔𝐿𝑚2+𝑅𝑟𝑒𝑐

2 𝜔3𝐿𝑚2(𝐶𝑚2+𝐶𝑟𝑒𝑐)2−𝜔𝑅𝑟𝑒𝑐
2 (𝐶𝑚2+𝐶𝑟𝑒𝑐)]

1+𝑅𝑟𝑒𝑐
2 𝜔2(𝐶𝑚2+𝐶𝑟𝑒𝑐)2           (3.5) 

The real part of the input impedance is 

        𝑅𝑝 =
𝑅𝑟𝑒𝑐

1+𝑅𝑟𝑒𝑐
2 𝜔2(𝐶𝑚2+𝐶𝑟𝑒𝑐)2                             (3.6) 

 



 

- 20 - 

 

 

(a)                                         (b) 

Figure 3.3 (a) the equivalent circuit of right part in π-match network 

(b) the equivalent circuit of π-match network 

The imaginary part of the input impedance is  

     𝑋𝑝 =
𝜔𝐿𝑚2+𝑅𝑟𝑒𝑐

2 𝜔3𝐿𝑚2(𝐶𝑚2+𝐶𝑟𝑒𝑐)2−𝜔𝑅𝑟𝑒𝑐
2 (𝐶𝑚2+𝐶𝑟𝑒𝑐)

1+𝑅𝑟𝑒𝑐
2 𝜔2(𝐶𝑚2+𝐶𝑟𝑒𝑐)2                (3.7) 

With equations above, we can get the value of the inductor 𝐿𝑚2 and the capacitor 

𝐶𝑚2 when the input impedance 𝑍𝑝 is resistive. Furthermore, the imaginary part of the 

input impedance 𝑋𝑝 is zero. Making equation 3.7 equal to zero yields the desired value. 

𝑅𝑝 =
𝑅𝑟𝑒𝑐

1+𝑅𝑟𝑒𝑐
2𝜔2(𝐶𝑚2+𝐶𝑟𝑒𝑐)2                  (3.8) 

                      𝐿𝑚2 =
𝑅𝑟𝑒𝑐

2(𝐶𝑚2+𝐶𝑟𝑒𝑐)

1+𝑅𝑟𝑒𝑐
2𝜔2(𝐶𝑚2+𝐶𝑟𝑒𝑐)2                 (3.9) 

Leading to,  

𝐶𝑚2 =
√

𝑅𝑟𝑒𝑐

𝑅𝑝
− 1

𝑅𝑟𝑒𝑐
2𝜔2

− 𝐶𝑟𝑒𝑐 

𝐶𝑚2 = √
𝑅𝑟𝑒𝑐−𝑅𝑝

𝑅𝑝𝑅𝑟𝑒𝑐
2𝜔2 − 𝐶𝑟𝑒𝑐                   (3.10)      

                     𝐿𝑚2 =

𝑅𝑟𝑒𝑐
2

√
𝑅𝑟𝑒𝑐−𝑅𝑝

𝑅𝑝𝑅𝑟𝑒𝑐
2𝜔2

1+𝑅𝑟𝑒𝑐
2𝜔2

𝑅𝑟𝑒𝑐−𝑅𝑝

𝑅𝑝𝑅𝑟𝑒𝑐
2𝜔2

 

                   𝐿𝑚2 =
√𝑅𝑝𝑅𝑟𝑒𝑐

2−𝑅𝑝
2

𝜔𝑅𝑝+𝜔3(𝑅𝑟𝑒𝑐−𝑅𝑝)
                     (3.11) 

In the second place, the inductor 𝐿𝑚1 and the capacitor 𝐶𝑚1 are calculated. The 

main function of the circuit in this part is to transfer the resistance to a higher one, thus 

it can be called upward impedance network. Through the upward impedance network, 
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the resistance got from the downward impedance network stated above can be 

transferred to a higher resistance.  

𝑍𝑖𝑛 =
1

𝑗𝜔𝐶𝑚1
//(𝑗𝜔𝐿𝑚1 + 𝑅𝑝)                       (3.12) 

𝑍𝑖𝑛 =
𝑅𝑝+𝑗(𝜔𝐿𝑚1−𝜔𝑅𝑝

2𝐶𝑚1−𝜔3𝐿𝑚1
2𝐶𝑚1)

1+𝜔2𝐶𝑚1(𝜔2𝐿𝑚1
2𝐶𝑚1−2𝐿𝑚1+𝑅𝑝

2𝐶𝑚1)
                    (3.13) 

The real part of the input impedance is  

           𝑅𝑖𝑛 =
𝑅𝑝

1+𝜔2𝐶𝑚1(𝜔2𝐿𝑚1
2𝐶𝑚1−2𝐿𝑚1+𝑅𝑝

2𝐶𝑚1)
               (3.14) 

The imaginary part of the input impedance is  

𝑋𝑖𝑛 =
𝜔𝐿𝑚1−𝜔𝑅𝑝

2𝐶𝑚1−𝜔3𝐿𝑚1
2𝐶𝑚1

1+𝜔2𝐶𝑚1(𝜔2𝐿𝑚1
2𝐶𝑚1−2𝐿𝑚1+𝑅𝑝

2𝐶𝑚1)
                    (3.15) 

In order to match the output resistance of antenna which is resistive, the real part 

of the matching network 𝑅𝑖𝑛  equals to it and the imaginary part of the matching 

network 𝑋𝑖𝑛 equals to zero. In this way, we can get the values of inductor 𝐿𝑚1 and 

capacitor 𝐶𝑚1. 

Making 𝑋𝑖𝑛 equal to 0 yields  

     𝐶𝑚1 =
𝐿𝑚1

𝑅𝑝
2+𝜔2𝐿𝑚1

2                              (3.16) 

Replacing the capacitor from equation 3.19 in the equation 3.17 to simplify it 

yields 

𝑅𝑖𝑛 =
𝑅𝑝

2+𝜔2𝐿𝑚1
2

𝑅𝑝
                              (3.17) 

When 𝜔2𝐿𝑚1
2 ≫ 𝑅𝑝

2 , these equations can be simplified in a further step as 

follows 

           𝑅𝑖𝑛 =
𝐿𝑚1

𝑅𝑝𝐶𝑚1
                                  (3.18) 

𝐶𝑚1 =
1

𝜔2𝐿𝑚1
                                  (3.19) 

Cascading the two parts discussed above together, we can get the π -match 

network. It consists of the downward L-match network and upward L-match network. 
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3.2 Quality Factor and Voltage Booster 

In the ideal case, all the components in the matching network is lossless thus ideal. 

As a consequence, the lossless matching network results in the maximum power 

transfer thus highest sensitivity. However, in the realistic case, the matching networks 

are not ideal. Furthermore, the matching networks are limited by the finite quality factor 

Q of the components in the network. 

Actually, apart from playing the role of realizing the maximum power transfer, the 

matching network functions as a voltage booster as well.[23] It is necessary as the 

power absorbed by the harvester is quite low which cannot drive the device following. 

With a voltage booster, the voltage can be boosted to a comparatively high one that can 

drive the rectifier. 

The matching network and the inductor quality factor will determine the level of 

boosting in voltage before the signals enter the rectifier, which will be discussed in this 

section. A general definition of quality factor Q is  

Q = 2π
𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑡𝑜𝑟𝑒𝑑

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑃𝑒𝑟 𝐶𝑦𝑐𝑙𝑒
= 𝜔

𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑡𝑜𝑟𝑒𝑑

𝐴𝑣𝑒𝑟𝑔𝑦 𝑃𝑜𝑤𝑒𝑟 𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑
         (3.20) 

3.2.1 L-Match Network 

As illustrated in the first part in this chapter while talking about impedance 

transformations, two equations can be achieved with simplified conditions. The two 

equations have to be met to ensure to cancel the input reactance and transform the input 

impedance of the rectifier to match the output impedance of the antenna at the desired 

working frequency. These two equation can be expressed in the following way,  

𝑅𝑖𝑛𝑅𝑟𝑒𝑐 =
𝐿𝑚

(𝐶𝑚+𝐶𝑟𝑒𝑐)
                              (3.21) 

ω =
1

√𝐿𝑚(𝐶𝑚+𝐶𝑟𝑒𝑐)
                              (3.22) 

The two equations are derived from two equations adapted to more general 

condition when we have ω2𝑅𝑖𝑛
2 (𝐶𝑚 + 𝐶𝑟𝑒𝑐)2 ≫ 1. In this case the condition follows 

when 𝑄2 ≫ 1. Thus, the quality factor of this L-match network is defined as  
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𝑄𝑝 = ω𝑅𝑖𝑛(𝐶𝑚 + 𝐶𝑟𝑒𝑐)                         (3.23) 

The equation 3.22 is the resonance equation at the center frequency ω. That means, 

the condition about resonance has been included in the matching criteria. What should 

not be ignored is that equation 3.21 can be written in another form with equation 3.22. 

Assuming the L-match network operates at the resonance frequency ω. So, the quality 

factor is rewritten in the equivalent form at resonance frequency as follows. 

𝑄𝑝 =
𝑅𝑖𝑛

ω𝐿𝑚
                                  (3.24) 

Transforming the expression of equation 3.22, we can get  

𝜔2𝐿𝑚 =
1

(𝐶𝑚+𝐶𝑟𝑒𝑐)
                              (3.25) 

Substituting for 
1

(𝐶𝑚+𝐶𝑟𝑒𝑐)
 in equation 3.21 from equation 3.25 results in  

 𝑅𝑖𝑛𝑅𝑟𝑒𝑐 =
𝐿𝑚

(𝐶𝑚+𝐶𝑟𝑒𝑐)
= 𝜔2𝐿𝑚

2                       (3.26) 

 From equation 3.24, we know 

    ω𝐿𝑚 =
𝑅𝑖𝑛

𝑄𝑝
                               (3.27) 

With equation 3.26 and equation 3.27, the quality factor for the L-match network 

is approximately represented in (assuming 𝑄2 ≫ 1) 

𝑄𝑝 = √
𝑅𝑖𝑛

𝑅𝑟𝑒𝑐
                               (3.28) 

3.2.2 𝛑-match network 

As mentioned before, when the load of the rectifier is so large that the L-match 

network cannot transform the input impedance of the rectifier to match the output 

impedance of the antenna, π-match network is required to handle with this problem. 

We hope to derive the design equations for π-match network about the quality factors 

to explain the advantages compared with L-match network. In this part, we won’t 

combine the two inductors 𝐿𝑚1  and 𝐿𝑚2  together in order to calculate the quality 

factor Q and the center frequency ω separately. 

The π-match network can be seen as the combination of two L-match networks. 
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We call the left-hand L-match network as 𝐿1-match network, call the right-hand L-

match network as 𝐿2-match network. 

Before going on to calculate the quality factor and center frequency, we calculate 

the quality factor of 𝐿1-match network, as the calculation of parameters in 𝐿2-match 

network has been finished in the last section about L-match network. 

Transforming the expression of equations 3.18 and 3.19 yields 

𝑅𝑖𝑛𝑅𝑝 =
𝐿𝑚1

𝐶𝑚1
                                    (3.29) 

ω =
1

√𝐿𝑚1𝐶𝑚1
                                   (3.30) 

Therefore, with 𝜔2𝐿𝑚1
2 ≫ 𝑅𝑝

2 (𝑄2 ≫ 1), we get the quality factor 

           𝑄𝑠 =
𝜔𝐿𝑚1

𝑅𝑝
                                    (3.31) 

Similar with the derivation of quality factor of L-match network, the quality factor 

of 𝐿1-match network can be rewritten as  

𝑄𝑠 =
1

𝜔𝑅𝑝𝐶𝑚1
                                  (3.32) 

𝑄𝑠 = √
𝑅𝑖𝑛

𝑅𝑝
                                    (3.33) 

 

Figure 3.4 the equivalent circuit of π-match network 

From 3.4, the quality factor Q of the 𝐿2-match network is  

     𝑄2 =
𝜔𝐿𝑚2

𝑅2
= √

𝑅𝑟𝑒𝑐

𝑅2
− 1                             (3.34) 

Where the equation applied the accurate relationship between the resistance 

transformation ratio and the quality factor rather than the approximate relationship 

given in equation 3.28 and equation 3.33. 

In the similar way, the quality factor of 𝐿1-match network is written as  
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𝑄1 =
𝜔𝐿𝑚1

𝑅2
= √

𝑅1

𝑅2
− 1                              (3.35) 

The overall quality factor is the sum of the quality factors in the two L-match 

network. 

Q =
𝜔(𝐿𝑚1+𝐿𝑚2)

𝑅2
= 𝑄2 + 𝑄1 = √

𝑅𝑟𝑒𝑐

𝑅2
− 1 + √

𝑅1

𝑅2
− 1               (3.36) 

Subsequently, the desired inductor for the center frequency is calculated by 

    𝐿𝑚1 + 𝐿𝑚2 =
𝑄𝑅2

𝜔
                               (3.37) 

The values of the capacitors can be obtained with every single quality factor. 

    𝐶𝑚1 =
𝑄1

𝜔𝑅1
                              (3.38) 

  𝐶𝑚2 =
𝑄2

𝜔𝑅2
                              (3.39) 
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Chapter 4 Simulation Results and Analysis of the RF Energy 

Harvester 

Based on the theoretical analysis of each components in the harvester, we 

determine a preliminary architecture of the RF energy harvester. In terms of impedance 

matching network, as discussed in chapter 3, L-match network will be mainly used 

while π-match network will be applied in some cases with large loading impedance 

which the L-match network cannot transform to the output resistance of the antenna. 

Talking about rectifier, the core part of the RF energy harvester, the Schottky diodes 

based voltage doubler is chosen because of its flexibility in the adjustment of the 

structure as N-stage voltage doubler is easily achieved. Apparently, the Schottky diodes 

ensure the ability of harvesting the quite low ambient RF energy and the converse 

efficiency of the harvester cause they have short transit time and zero bias voltage. 

In this chapter, the simulation results of the RF energy harvester will be presented 

as well as the analysis based on the simulation results. Advanced Design System 2009 

from Keysight Technology is the software mainly utilized in the simulation work. In 

the first place, we will clarify the frequency band we are interested in. Then, an example 

of simulation steps is explained with a specific condition, which show how we did the 

simulation work. After that, all the results of simulation will be displayed. In the last 

section, analysis based on all the work above will be illustrated in detail. 

4.1 Desired Frequency Band 

The RF signals are distributed in a large quantity of frequency. The frequency 

bands we are familiar are DTV signal around 550MHz, GSM900 signal around 

900MHz, Wi-Fi signal around 2.4GHz.  
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Figure 4.1 the spectrogram in laboratory 

In order to realize the optimum performance of the harvester, before the design 

and simulation work, the spread of RF signal in the environment should be measured 

to determine the frequency band we will focus on when we design the harvester. Thus, 

we measured the frequency distribution of RF signal in our laboratory utilizing 

Spectrum Analyzer. 

In figure 4.1, the center and the span of frequency are 2GHz and 4GHz respectively. 

It is very clear that the strongest signal lies at around 900MHz which is GSM900 signal. 

Therefore, we choose 890MHz as the frequency we desired. And all of the simulation 

work is carried out at 890MHz. 

4.2 Simulation Work 

We hope to improve the sensitivity of the rectifier in this work. Moreover, we want 

to achieve a balance between all the parameters in the harvester for different signal 

frequency and the strength of input power in real case. In our work, we choose the 

Schottky diodes based voltage doubler. The reason why we choose it has been 

demonstrated clearly in chapter 2. We are going to find out the relations among the 



 

- 28 - 

 

input power, the stages of the voltage doubler, the loading impedance of the harvester, 

output voltage and the conversion efficiency. From the study we had done before the 

work began, we knew that all the parameters in the harvester have complicated relations 

between any two of them. Thus, we need to do the simulation of multiple combination 

to obtain a large number of data which are the base of our analysis. It is a great deal of 

work but all the simulation work is carried out in the similar way except the number of 

stages of the rectifier and some parameter settings are different. 

In order to acquire a general working pattern of the harvester we design, the 

simulation work will be undertaken with voltage doubler from single stage to four 

stages. The input power ranges from -40dBm to 0dBm. The loading impedance 5K ohm, 

50K ohm, 500K ohm and 5M ohm are chosen. L-match network and π-match network 

will be applied respectively according to the input impedance of the harvester. The 

method of harmonic balance analysis in ADS 2009 are mainly utilized to get the 

simulation results of the harvester at 890MHz. 

4.2.1 Single-Stage Voltage Doubler 

Single-stage voltage doubler is the basic of higher stages voltage doubler. So we 

begin with single stage voltage doubler with L-match network or π-match network. It 

depends on the input impedance of the harvester. 

Figure 4.2 shows the rectifier part with load 50k ohm. Single stage voltage doubler 

consists of four components, C1, C2, Q1 and Q2. The four components realize the 

function transforming the AC RF signal from the antenna into DC signal to the load. 

We choose HSMS-2850 as the Schottky diodes used in the rectifier. HSMS-2850 is a 

zero bias small signal detector diode. It was designed and optimized for use in small 

signal (Pin<-20dBm) applications at frequencies below 1.5GHz. They are ideal for 

RFID and RF tag applications, which is corresponding to the need in our work. 

Capacitor C2 is larger than C1 because C2 acts as a filtering capacitor as well.  
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Figure 4.2 single-stage voltage doubler with load 50k ohm 

Comparing the output voltage of two rectifier with different capacitor C2, it is 

obvious that the output voltage swings less when the capacitor C2 is larger. Concerning 

swing of the output voltage, we set the capacitor C2 as 1uF. 

 

Figure 4.3the output voltage with C2 15pF 

 

Figure 4.4 output voltage with C2 1uF 
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Setting the load R1 as 50k ohm, do the simulation with S-parameter simulation 

and harmonic balance analysis. First, set the input power ranging from -40dBm to 

0dBm and measure the input impedance. 

 

Figure 4.5 the real part of impedance of single stage rectifier with 50k ohm 

 

Figure 4.6 the imaginary part of impedance of single stage rectifier with 50k ohm 

We plot the real and imaginary part of input impedance of single stage rectifier 

with 50k ohm. The input impedance varies with the input power rather than stays 

constant. That means, it is not possible to use the same matching network to realize 

optimum power transfer for all the input power of different strength.  

From the point of research, we will redesign the matching network once we change 

an input power in order to achieve the data of premium performance. 

From the point of real case, we will concentrate on the single stage voltage doubler 
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with frequency 890MHz, load 50k ohm and input power -20dBm.With the circuit in 

figure 4.2, the input impedance measured at -20dBm is -359 – j*85.934. Thus the task 

for matching network is to transfer the input impedance -359 – j*85.934 to 50 ohm. As 

the input impedance is not too large, L-match network can be used. With matching 

network, the output voltage is up to 0.480V and the output power is 4.603 ∗ 10−6W.  

4.2.2 Multi-Stage Voltage Doubler 

Figure 4.7 two-stage voltage doubler 

Theoretically, more stages of the voltage doubler result in higher output voltage 

but lower conversion efficiency. According to this rule, if we want to achieve higher 

output voltage, more stages should be used. Figure 4.7 displays the detail of the two-

stage voltage doubler. The way used to measure the output voltage and output power is 

similar with the steps about the measurement of single-stage voltage doubler explained 

in 4.2.1. 

4.3 Simulation Results 

Before displaying the simulation results, we need to provide a significant physical 

parameter used in our work, conversion efficiency. RF-DC conversion efficiency is 

given by the following formula 

η =
𝑃𝐷𝐶

𝑃𝑅𝐹
                                  (4.1) 

where 𝑃𝐷𝐶 is the output DC power supplying the energy for the load and 𝑃𝑅𝐹 is 
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the input RF power absorbed from the antenna.[24] 

The output voltage is an important parameter cause a lowest output voltage is 

required if the output voltage is used to power some other devices. The sensitivity and 

the conversion efficiency are two essential criteria for the harvester. They indicate the 

performance of the harvester. All the work so far focus on improving the sensitivity and 

the efficiency of the harvester on the base that the output voltage is high enough to 

power other equipment. So is our work. We want to find out the way to make the best 

of the harvester. Therefore, we will discuss the design trade-off between one parameter 

and the other parameters in term of the loading impedance, the stages of the rectifier, 

the output voltage and the conversion efficiency. 

4.3.1 Matching 

As mentioned before, the input impedance of the harvester varies with the strength 

of input power. That means the variation of input power will change the input 

impedance of the harvester and the matching network between the harvester and the 

antenna cannot transfer the input impedance to the value we desired, which is usually 

50 ohm. The mismatch of the impedance will result in the energy loss in the energy 

transmission.  

In figure 4.8(a), all the data are collected under the circumstance that the input 

impedance of the harvester is matched to 50 ohm when the input power is -20dBm and 

the load of the harvester is 50k ohm. That is the reason why the input power of the peak 

conversion efficiency is around -20dBm. Obviously it is reasonable that the conversion 

efficiencies begin dropping when the input power is larger or lower than -20dBm 

because the mismatches between the input impedance of the rectifier and the output 

impedance of the antenna become more serious. 

On the contrary, in figure 4.8(b) where all the data are collected when the input 

impedance of the rectifier is matched to 50 ohm with every input power, the conversion 

efficiencies of these four rectifiers show a rising tendency except the conversion 
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efficiency of single-stage voltage doubler drops from the input power -5dBm. The drop 

of conversion efficiency in figure 4.8(b) is reasonable. The Schottky diodes we use in 

the harvester is HSMS-2850. From the data sheet of the diode, it is easily to find that 

the peak inverse voltage is 2V. When the input power of the harvester is up to -5 dBm, 

the inverse voltage across the Schottky diodes are over 2V for the single stage voltage 

doubler. That means at this moment, the Schottky diode HSMS-2850 is broken down 

and not under working. And this explains why the conversion efficiencies drop when 

the input power is becoming larger.  

 

(a)                                 (b)  

Figure 4.8 (a) conversion efficiency versus input power with match at -20dBm, 50k ohm 

(b) conversion efficiency versus input power with matching at each point 

Compare figure 4.8(a) and figure 4.8(b), it is not difficult to find that the matching 

network has a direct connection with the conversion efficiency. Thus, the matching 

network in the harvester is a determining factor worth more attention in design.  

Figure 4.9 plots the output voltages at different input power with matching at 

single point -20dBm and 50k ohm. The details of the figure with input power ranging 

from -40dBm to -30dBm, from -30dBm to -20dBm, from -20dBm to -10dBm and from 
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-10dBm to 0dBm are displayed in figure 4.10. Correspondingly, the output voltages at 

each input power with matching at each point are drawn in figure 4.12.  

 

Figure 4.9 output voltage versus input power with match at -20dBm, 50k ohm 

The performance of the voltage doubler and another three voltage doubler in figure 

4.11 is clear. When the input impedance of the rectifiers is matched to 50ohm, the output 

voltage of one-stage voltage doubler is always larger than others before the Schottky 

diodes are broken down.  

However, the trends of each stage are comparatively complicated. Observing 

figure 4.9 combining figure 4.10, the single-stage voltage doubler is influenced most 

among four voltage doublers. In figure 4.10, the output voltage of the single-stage 

voltage doubler is highest around -20dBm where the input impedance of the harvester 

is matched to 50 ohm. In the area where the input power is much lower or larger than -

20dBm, the output voltage of the single-stage voltage doubler decreases. To explain 

this phenomenon, the input impedance of the four voltage doublers is compared. 

From figure 4.12, it is not difficult to find that higher stage voltage doubler leads 

to smaller variation of input impedance. As the matching network is fixed, the voltage 
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doubler can only work with best performance when the input impedance of rectifier is 

transfer to around 50ohm. To be more simple, just as shown in the figure 4.10, when 

the input power is larger than -10dBm or lower than -30dBm, the change in the input 

impedance of single-stage voltage doubler is larger than other voltage doubler. That’s 

the reason why the output voltage of single-stage voltage doubler fluctuates most. It 

also indicates that the single stage voltage doubler may not the best choice when the 

input power varies a lot. 

The output voltages in figure 4.9 and figure 4.11 indicate the importance of 

matching. It is obvious that the output voltage is higher while the input impedance of 

rectifier is matched to 50ohm. 

 

Figure 4.10 output voltage versus input power with matching at -20dBm, 50k ohm 

-40 -35 -30
0

0.02

0.04

0.06

0.08
Vout-Pin for 4 stages,50k

Pin/dBm

V
o
u
t/

V

 

 
one-stage

two-stage

three-stage

four-stage

-30 -25 -20
0

0.2

0.4

0.6

0.8
Vout-Pin for 4 stages,50k

Pin/dBm

V
o
u
t/

V

-20 -15 -10
0

0.5

1

1.5

2
Vout-Pin for 4 stages,50k

Pin/dBm

V
o
u
t/

V

-10 -5 0
1

2

3

4

5
Vout-Pin for 4 stages,50k

Pin/dBm

V
o
u
t/

V



 

- 36 - 

 

 

Figure 4.11 output voltage versus input power with match at each point, 50k ohm 

 

Figure 4.12 the input impedance of multi-stage voltage doubler 
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4.3.2 The Variation of Load 

Seeing from the four figures in figure 4.13, the output voltage is saturated when 

the input power reaches to a comparative high value. 

It is because the peak inverse voltage of the Schottky diode we used in the circuit 

is 2V. When the input power is large enough, the inverse voltage across the Schottky 

diodes is larger than 2V, which means the Schottky diodes are broken down and cannot 

work any longer. Thus the output voltage stays at the stable value even when the input 

power is larger. Apparently, for all four voltage doubler, larger load leads to higher 

speed of reaching the peak output voltage. That is, when the input power is not too large 

(lower than the input power resulting in the saturation of output voltage), higher output 

voltage can be achieved with larger load. 

As the efficiency is another essential parameter in the harvester, attention needs to 

be paid on it as well. Obviously, although large load is useful in obtaining high output 

voltage, it also results in low efficiency. In figure 4.14, the efficiency is the lowest with 

load 5M ohm while the output voltage is the largest. So there must be a trade-off 

between the output voltage and the efficiency. 

However, it doesn’t mean lower load is better. Seeing from these figure 4.14, the 

efficiency is not the best with the lowest load 5k ohm. Thus there should be optimal 

value for load to acquire the highest efficiency for different stages voltage doublers. We 

did the simulation to get the relation between the values of load and the conversion 

efficiency. Then we got the value of load when the efficiency is highest with different 

input power and different stages of voltage doubler in table 4.1. The values in the table 

are not accurate. They are approximate values limited to the fixed matching network. 
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Figure 4.13 output voltage versus input power for different loads 

 

 

Figure 4.14 conversion efficiency versus input power for different loads 
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Table 4.1 the value of load when the efficiency is highest 

stage 1 2 3 4 5 

-40dBm 24k 45k 67k 89k 111k 

-30dBm 35k 56k 78k 101k 124k 

-20dBm 44k 58k 75k 94k 145k 

4.3.3 The Variation of Stage 

When the load is 5k ohm or 50k, the single-stage voltage doubler has an advantage 

in output voltage among all four voltage doublers. The abrupt change in single-stage 

voltage doubler in figure 4.15 (right) results from the saturation in output voltage 

explained before. 

When the load is raised to 500k ohm and 5M ohm, the single-stage voltage doubler 

loses the advantages among them. The performance of these voltage doubler is variable 

with the input power. And all the analysis agrees with chapter 4.3.2. 

The figures of the conversion efficiency versus input power are interesting. 

Voltage doublers with lower stage reach the peak of efficiency earlier. The information 

is helpful because the range of input power will determine the choosing of the stages of 

the voltage doubler. There are no peak points in figure titled “Efficiency-Pin for multi 

stage, 5k” in figure 4.17 because the input power is not large enough to breakdown the 

Schottky diodes. 
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Figure 4.15 output voltage versus input power of one-stage and two-stage voltage doublers 

 

     Figure 4.16 output voltage versus input power of three-stage and four-stage voltage doublers 
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Figure 4.17 efficiency versus input power of multi-stage voltage doublers 
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Chapter 5 A trade off in the design of Rectifier 

With the simulation results and analysis in chapter 4, the output voltage and the 

efficiency cannot be the optimal at the same time. Thus, we need to find a balance 

between the output voltage and the efficiency according to the input power. 

We all know that a lowest output voltage is needed to supply the power for the 

device connected to the harvester. When the input power is close to the sensitivity, the 

primary problem we have to consider is the output voltage. Because the output voltage 

is possible to be low when the input power is low. If we make the efficiency into 

consideration, the output voltage will not be large enough to drive the devices connected 

to the harvester.  

Table 5.1 the output voltage of voltage doublers with input power -40dBm and -30dBm 

 Output Voltage(V)(-40dBm) Output Voltage(V)(-30dBm) 

One-stage 0.011 0.091 

Two-stage 0.008 0.073 

Three-stage 0.009 0.061 

Four-stage 0.007 0.052 

From the table 5.1, we can see that when the input power is quite low (we choose 

-30dBm and -40dBm as the input power), the output voltage is correspondingly low. 

Another key point here is that the output voltage of lower stages voltage doublers is 

higher.  

However, for large input power, the output voltage is large enough to drive the 

device followed. Thus, the efficiency should be the other significant parameter 

considered. This is a trade-off between the output voltage and the conversion efficiency. 

The typical 65nm process from TSMC provides a general purpose option with 1V 

power supply.[25] We assume that the output voltage needs to be at least 1V to drive 

the device. Seeing from figure 5.1, we can get that, when the input power is lower than 

-23dBm, the harvester we choose cannot lift the output voltage to 1V. Thus the 

sensitivity of the harvester is -23dBm. 
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From the simulation results in chapter 4, we find a general rule for the harvester, 

which is shown in table 5.2. 

Table 5.2 the load been chosen for different input power 

Input Power/dBm -23~-20 -20~-15 >-15 

Load been chosen/ohm 5M 500k 50k 

 

 

Figure 5.1 output voltage versus input power during -25-20dBm for voltage doubler with load 5M 
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Considering conversion efficiency is meaningless when the output voltage cannot 

arrive at 1V. However, when the input power is between -20dBm and -15dBm, the 

500kohm load can realize the 1V output voltage while the efficiency with 500K ohm is 

larger than that with 5M load. Without any doubt, the 500k load will be a better choice. 

Furthermore, when the input power is larger than -15dBm, the output voltage can easily 
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the 50k load can reach a highest efficiency. And that’s the reason why we choose 50k 

ohm as the load. 

At a further step, the choosing for the stages of the voltage doubler will be 

discussed.  

If 50k ohm is chosen, seeing from figure 4.22 and figure 4.26, both the output 

voltage and the efficiency of the single-stage voltage doubler are highest when the input 

power is lower than -15dBm. And when the input power is larger than -15dBm, the 

two-stage voltage doubler is a better choice.  

If 500k ohm is chosen, seeing from figure 5.2, the sensitivity of the harvester is 

around -21dBm with two-stage voltage doubler.  

 

Figure 5.2 output voltage versus input power in-25~-20dBm of voltage doublers with load 500k  
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Figure 5.3 output voltage versus input power in -20~-15dBm of voltage doublers with load 500k  
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Chapter 6 Summary and Future Work 

In this work, we investigated the operation of a Schottky diode based rectifier in 

an ambient RF energy harvester. Before the design and simulation work, a survey about 

the ambient energy source and the common rectifiers is carried out. The Schottky diodes 

based rectifier is chosen due to its flexibility and simplicity in architecture. 

To minimize the energy loss between the antenna and the harvester owing to 

reflection, it is necessary to build up a matching network in the circuit. A conventional 

L-match network or a π-match network is applied. 

In order to achieve the optimal performance of the ambient RF energy harvester 

in multiple environment situation, we make a comparison among the single-stage 

voltage doubler and multi-stage voltage doublers. The standards for the performance of 

the harvester are multiple. Based on the simulation results and analysis, there is a design 

trade-off between the output voltage and the conversion efficiency. Different loading 

impedance and number of stages of voltage doubler should be applied according to the 

input power from the antenna. 

To improve the sensitivity and the efficiency of the harvester further when the 

output voltage meet the requirements to drive the device following, some methods is 

worth trying. 

A. Dynamic Matching 

All of our work is based on a fixed matching network. However, in our research 

and simulation, we found out that the input impedance of the rectifier is variable with 

the input power from the antenna. In the real application, the signal strength cannot be 

fixed at one point. The strength of input signal is time-variable and correspondingly the 

input impedance of the rectifier is time-variable. That is, the matching network cannot 

transfer the input impedance of the rectifier to 50ohm all the time. As we all know, the 

matching network is used to realize the maximum power transfer. If the matching 

network cannot transform the input impedance of rectifier to 50ohm, the maximum 

power transfer will not be realized, which will have a huge influence on the conversion 
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efficiency. It is obvious that the conversion efficiency will be promoted a lot if the 

matching network can transfer the input impedance of the rectifier to 50 ohm at each 

point. 

From the research before, it is not difficult to find that most work on ambient 

energy harvesting is to improve the performance of rectifier while less attention is paid 

on the matching network.  

Based on what we found from our work, we put forward the idea of dynamic 

matching network. A dynamic matching network consists of variable parameters. And 

the variation of the parameter depends on the variation of input power. In that case, the 

matching network is not designed for one input impedance. And as the matching 

network is changing with the input power, the conversion efficiency is as high as 

possible at each point. Consequently, the energy harvester will maximize the utilization 

of the input power from the antenna. 

We have a few assumptions at the dynamic matching network. The main idea of 

the assumption is to make the advantage of feedback signal. A function between the 

input power and the input impedance should be obtained before all the other work. On 

the base of the energy harvester, a device detecting the input power should be added. 

According to the input power and the function, the processed signal containing the 

information about the input impedance is transported to the dynamic matching network. 

Then the dynamic matching network makes changes correspondingly. The detail of the 

operation needs more work on it. 

B. IC Charge Pump 

As the ambient energy harvesting is gradually becoming the focus of the 

researches, many suppliers have started to develop ultra-low power charge pump. Some 

ambient energy harvesters consist of a rectifier and an ultra-low power charge pump.[25] 

More similar products are produced, such as LTC3108 manufactured by Linear 

Technology and TPS61200 by TI. 

With these ultra-low voltage step up boost converter, the requirements for the 

output voltage of the rectifier is much lowered. So the limitation for the other 
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parameters such as the conversion efficiency is much reduced as well. In this way, the 

performance of the harvesters can be promoted in a large scale. 
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