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Abstract 

 
 

The energy harvesting system aims to convert ambient energy, for example, 

mechanical, photovoltaic solar, thermal or radio frequency into electrical energy which can 

be stored in batteries. Ambient energy of thermoelectric generators (TEG), silicon-based 

micro-fuel and a single junction photovoltaic (PV) cells produces a dc power that can easily 

charge batteries without the need for AC/DC converter. Ambient energy of piezoelectric, 

electromagnet and RF produces AC power which needs AC/DC converter to be converted 

from ac power to dc power that can be easily stored by charging batteries.  

The AC/DC converter used is based on active diode due to its efficiency of converting 

if compared with traditional diode. The AC/DC converter based on active diode has a low 

threshold voltage than the threshold voltage of the traditional diode. Therefore it has lower 

power losses and higher efficiency. 

The DC/DC converter used to match the rectifying voltage with the voltage of super 

capacitor and the desired switching frequency is generated by the voltage control oscillator 

that used a lookup table to guarantee that the generated frequency corresponding to the 

maximum power point. The used DC/DC converter is the DC/DC charge pump because of 

its easy implementation, low electromagnetic induction and inductor less. 

The control unit provides the desired switching frequency with enough capability to 

drive the charge pump power. The control unit consists of analog to digital converter and digital 

control oscillator. The analog to digital converter is used to convert the analog signal which is 

produced from the AC/DC converter to digital signal, this signal is converted by the digital 

control oscillator into the desired switching frequency needed for the switched capacitor charge 

pump. The analog to digital converter used is the successive approximately register because of 

its low latency, low power consumption, and small area. The input impedance of the DC/DC 

charge pump acts as a variable resistance that changes its value by changing the desired 

frequency, finding the relation between the dc input voltage and the frequency enables us to 

get the maximum power point tracking between the energy harvesting by piezoelectric that 

changes due to the vibration of piezoelectric transducer and voltage of batteries. 

The contribution to this work is shown in several search domains. The first research is 

a comparison between different Active AC/DC converters, the comparison parameters are 

lower input voltage used, efficiency and area. The second research is the design of a new active 

AC/DC converter compared with recent researches. The third research is a design of an energy 

harvesting system using piezoelectric transducer and subcircuits compared with the recent 

researches using the same technique.   
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Chapter 1: Introduction 

We will use the piezoelectric transducer for our energy harvesting system, AC/DC 

converter is used to convert AC power produced from the piezoelectric transducer to DC 

power. The charge pump DC/DC converter matches the output voltage of the AC/DC converter 

and batteries’ voltage by reducing the higher voltage DC output from AC/DC converter to the 

lower voltage which needed to charge batteries. The analog signal produced by AC/DC is 

digitalized to a digital signal using successive approximation register SAR and the digital bits 

used as a control signal for the digital control oscillator that generates a clock with a specified 

frequency for each input signals. The DC/DC charge pump acts as variable resistance that 

changes its value by changing the desired frequency, finding the relation between the dc input 

voltage and the frequency enables us to get the maximum power point tracking between the 

energy harvesting by piezoelectric and batteries’ voltage. 

 

1.1System block overview  
 

The energy harvesting system is shown in Figure 1.1. The piezoelectric transducer used 

as a transducer for our energy harvesting system. AC/DC converter is used to convert the 

ambient energy from piezoelectric to DC power. Successive approximation register analog to 

digital SAR ADC circuit is used to digitalize the analog signal to a digital signal. The digital 

control oscillator converts the digital signal to the desired switching frequency needed for the 

maximum power point tracker switched capacitor charge pump. 

 

  
Figure 1.1: System block overview. 

1.2 Thesis content 

This thesis organized as follows: A detailed survey for the previous studies in Chapter 

2. Chapter 3 provides a detailed explanation for the proposed circuit for the energy harvesting 

system. In conclusion, the main achievements are highlighted together with the future lines of 

this work in Chapter 4. 
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Chapter 2: Background and Literature Review 

 
This chapter includes a detailed survey for the previous studying. Different transducer 

types can be classified based on their output. The transducer types generate AC power and 

DC power. Various AC/DC converter types will be presented using traditional diodes and 

types based on the active diode. The maximum power point tracking (MPPT) techniques will 

be presented. Various types of analog to digital converters and comparisons between them 

in terms of area, cost, and power. 

 

2.1 Transducers 
Different transducer types are used to gather ambient energy, for example, vibration, 

light, and heat. Table 2.1 shows different energy transducer power density. The power 

density is the ratio of the power over the volume W/cm3. The highest power density is the 

solar transducer with 15mW/cm3 while the lowest power density is a thermoelectric 

transducer with 40µW/cm3. 

 

Table 2.1: Transducers power density [1] 

Transducer Power Density 

Solar (Outdoors) 15mW/cm3 

Solar (Indoor) 1mW/cm3 

Piezoelectric  300µW/cm3 

Vibration  116µW/cm3 

Thermoelectric  40µW/cm3 

 

1.1.1 Solar transducer 
Solar Transducer (Photo-Voltaic (PV) cells) is the highest power density compared 

to other different transducers[2]. Figure 2.1 shows the solar transducer equivalent circuit and 

the characteristics of the solar transducer which shown in (current-voltage) curve and 

(power-voltage) curve. The solar transducer is represented as a current source in parallel with 

a diode and shunt resistor (Rp) the series resistor (Rs) is the silicon ohmic contacts. As the 

series resistor increased, the Isc curve as shown will be at a constant voltage region. 

Conversely decreasing the series resistance will lead to being at the constant current region. 

 
Figure 2.1: The solar transducer equivalent circuit. [2] 
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The solar Transducer relationship between current and voltage  

 

 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 (𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝐾𝑇𝑛𝑑 − 1) −
𝑉 + 𝐼𝑅𝑆

𝑅𝑃
                               (2.1) 

 
Where (Iph) is the photo generated current, the saturation current (I0) and the charge of the 

electron q and factor of the diode nd that ranges from 1.2 to 1.8, the Boltzmann constant (K) 

and temperature in Kelvin (T). 

 

1.1.2 Thermoelectric transducer 

 
The thermoelectric transducer is also known as TEG (thermoelectric generator). TEG 

composed of multiple slices of p-type and n-type junctions connected as parallel in thermal 

and as series in electrical connection. Saving the surface area, the structure of TEG is aligned. 

The Seebeck effect will produce thermal energy [3] across the parallel slices, the free carriers 

moved from a high-temperature side to a low-temperature side, this motion will produce the 

current. The TEG is used at human-powered biomedical implants; as the thermal variance 

between a human body and air can easily generate electrical power. 

 

 

 
Figure 2.2 Thermoelectric transducer. [4]. 

 

 

The thermoelectric transducer model consists of a dc voltage source and a resistance in series 

[5- 6] as shown in Figure 2.3. Equation 2.2 shows the relation between VT the open-circuit 

voltage and Seebeck coefficient S and ∆T is the temperature difference between the cold and 

hot sides of the thermoelectric transducer. 

VT = S ∆T                                                                                (2.2) 
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Figure 2.3 Thermoelectric transducer model. [5] 

 

 

1.1.3 Piezoelectric transducer  

The vibration of piezoelectric material made deformations that generate a strain and 

stress on it. A voltage change will be generated on the piezoelectric material terminals, Figure 

2.4 presents the design of a piezoelectric transducer where a piezoelectric layer is attached 

to a cantilever beam and one side of it is fixed on a base. A voltage difference is generated 

when we apply an external vibration that leads to bending the piezoelectric layers. The mass 

is used to get the resonance frequency of the piezoelectric. 

 

Figure 2.4 The piezoelectric transducer. [7] 
 

The piezoelectric transducer equivalent circuit [8] can be modeled as a mechanical system 

besides an electrical system as shown in Figure 2.5 where LM is the mechanical mass, CM  is 

the mechanical stiffness, RM  is the mechanical losses and CP is the capacitance of the 

piezoelectric material. A transformer is used to convert the strain from the mechanical system 

to the current for the electrical system. Figure 2.6 shows the equivalent circuit of a 

piezoelectric transducer, where CP is the capacitance of the piezoelectric material in parallel 

with a sinusoidal current source Ip and RP is the resistance. 
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Figure 2.5 The piezoelectric transducer equivalent circuit. [8] 

 
Figure 2.6 The piezoelectric transducer equivalent circuit. [8] 
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2.2 AC/DC rectifiers 

The rectifiers play an important role in electrical energy. It is used to convert the AC 

power to DC power. Conventional bridge and gate cross-coupled rectifier topologies suffer 

from low power efficiency, especially when we use low AC input voltage due to the diode 

threshold voltage. Threshold cancellation techniques are used with the advanced passive 

rectifiers effectively reducing the MOS diode’s threshold voltage. 

2.2.1 AC/DC Conventional rectifier  

2.2.1.1 AC/DC Half-wave  

AC/DC half-wave rectifier passes half of the input AC signal towards the output, in 

either the negative or the positive cycles and blocks the other half. The conduction path 

depends on the rectification element polarity. The AC/DC half-wave rectifier used at 

biomedical implant designs by implemented a substrate or off-chip diodes [9]. The power 

efficiency of the AC/DC half-wave rectifier is not high due to the conduction path every half 

of the input cycle. 

2.2.1.2 AC/DC full-wave 

AC/DC full-wave rectifier as shown in Figure 2.7 converts the full wave cycle of AC 

input signal to a fixed DC output. In AC/DC full-wave [10], when the input voltage is higher 

than the output voltage, a conduction path delivers power to output through a diode while 

the other diode provides a return path to the ground. AC/DC full-wave rectifier compared to 

AC/DC half-wave rectifier has smaller output ripples, higher power efficiency, and higher 

reverse breakdown voltage. AC/DC full-wave, however, suffers from having two forward-

bias voltage drops of cascaded diodes in each voltage cycle. 

 

Figure 2.7 AC/DC full-wave. [10] 
 

 

2.2.1.3 AC/DC switch only 

  
AC/DC switch only [11] as shown in Figure 2.8, consists of a switch M1 connected 

across the piezoelectric transducer, M1 switch is connected to AC/DC full-wave rectifier. 

When the switch is ON, the capacitor discharges immediately to the ground. Once the 

capacitor has been discharged, M1 is turned OFF and AC/DC rectifier starts to conduct at 
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both half-cycles of the input signal. The waveform of the voltage and current related to the 

AC/DC Switch only is shown in Fig. 2.9. At every half-cycle, the switch is turned ON the 

capacitor discharges immediately. The current of the piezoelectric transducer charges up the 

capacitor from ground to the rectifier voltage plus twice the threshold voltage of diodes. 

 
Figure 2.8 Switch only rectifier. [11] 

 

Figure 2.9 switch only rectifier waveform. [11] 

 

2.2.1.4 AC/DC Bias-Flip 

 
AC/DC switch only rectifier rectifies both half-cycles of the input voltage, but there 

is amount of charge lost due to charging the capacitor from ground to the rectifier voltage 

plus twice the threshold voltage of the diodes every half-cycle. The improvement of output 

power can be obtained if we minimize the charge lost. The AC/DC bias-flip rectifier [12] 

can improve the output power by using an inductor in series with the switch as shown in 

Figure 2.10. The waveform of voltage and current related to AC/DC bias-flip rectifier is 

shown in Fig. 2.11. At every half-cycle, the switch is turned ON making the inductor flip the 

voltage across the capacitor.  When the inductor current reaches zero the switch is turned 

OFF. 
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Figure 2.10 AC/DC bias-flip rectifier. [12] 

 
Figure 2.11 Waveform of bias flip rectifier. [12] 

 

2.2.2 Advanced passive bridge rectifier 

2.2.2.1 Partially gate cross-coupled  

The partially gate cross-coupled rectifier (PGCCR) [13] consists of two gates cross-

coupled rectifiers instead of the two diodes of the AC/DC full-wave as shown in Figure 2.12. 

To ensure that the positive side of the AC input will be connected to the output, the negative 

side will be connected to the ground. The PGCCR can provide us with voltage drop lower 

than the threshold voltage of traditional diode if there is sufficient flowing current and the 

size of transistors is properly designed. The overdrive voltage of pMOS in the bridge 

topology is much lower than nMOS in the gate cross-coupled topology. Moreover, nMOS 

devices have higher electron mobility than the pMOS counterparts. With these reasons, the 

gate cross-coupled circuit is smaller in size, has a lower turn-on voltage, and a smaller voltage 

drop over the standard bridge structure. 
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Figure 2.12 Gate cross coupled rectifier. [13] 
 

2.2.2.2 Fully gate cross-coupled  

In fully gate cross-coupled rectifier (FGCCR) the problem of threshold diode- 

connected is overcome [14] by cross-connected each pair of MOS switch as shown in Figure 

2.13. There is no voltage drop as there is no diode-connected MOS transistor, only the 

voltage drop of the switches. The benefit of switches is the provision of the lowest resistance 

to enable high voltage swing and the higher output voltages and can work with low input 

voltage compared to the PGCCR, the on-resistance of the switch is changing by changing 

the transistor size that will effect on the circuit performance 

 

Figure 2.13 Fully gate cross-coupled. [14] 
 

2.2.3 Active power AC/DC rectifier 

Active AC/DC rectifiers control the conduction path by using switches, comparators, 

and possibly feedback to control the conduction path with little power loss and small voltage 

drop. Figure 2.14 shows an active power AC/DC rectifier. When the output voltage is smaller 

than the input voltage, the comparator output will be high and the main switch will turn on 

charging of the output load. Conversely, when the output voltage is higher than the input 

voltage, the comparator output will be low and the switch will turn OFF, disconnecting the 
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forward conduction path. Generally, active rectifier has high power efficiency and high 

output voltage compared to passive rectifiers [15].  

 

Figure 2.14 An active power AC/DC rectifier. [15] 

The main building block of the active rectifier is the active diode that is used to achieve high 

performance. The active diode works as an ideal diode with negligible voltage drop and no 

reverse current in forwarding conduction path and due to quiescent current, there are static 

power losses. If this static power is high, it can overcome its benefits in reducing the voltage 

drop of the diode. An active diode consists of a switch and a comparator control conduction 

path. No additional start-up circuit is required due to the use of PMOS transistors as the main 

switch, as the PMOS turns on when the voltage gate is low 

2.2.3.1 Negative voltage converter with active diode 

 

The proposed active rectifier [16-17] is provided using the two stages as shown in 

Figure 2.15. The first stage Negative Voltage Converter "NVC" is used to convert the 

negative half-wave of input alternating signal to positive by using two PMOS and two NMOS 

connected as shown in Figure 2.16. During the positive half-wave of the input (Vin1>Vin2), 

MP1 and MN1 will be conductive when the input voltage becomes greater than Vthn and Vthp, 

then terminal 1 becomes high "vin1" and terminal 2 becomes low "vin2". During the negative 

half-wave (Vin2>Vin1), MP2 and MN2 will be conductive then terminal 1 becomes high "vin2" 

and terminal 1 becomes low"vin1". Therefore terminal 1 is always high. The voltage drop 

across NMOS and PMOS reaches to Vthn and Vthp. A further increase of the transistor width 

would decrease the resistance to get a smaller voltage drop, but also very large area 

consumption. 
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Figure 2.15 Negative voltage converter with active diode. [17] 

 

Figure 2.16 Negative voltage converter schematic. [17] 

 

2.2.3.2 Cross-coupled active full bridge 

 

The proposed cross-coupled active full bridge [18-19], displayed in Figure 2.17, 

consists of two cross-coupled inverters and two active diodes. During the positive wave of 

the input AC signal (Vin1>Vin2), MP1 will be active when the input voltage becomes greater 

than Vthp, While the voltage at the negative input port of the left comparator becomes low " 

Vin2". Correspondingly, the output of the left comparator becomes high which turns the 

transistor MN2 ON. Thus, the current flowing through (MP1-MN2) charges the loading 

capacitor CL. During the negative wave of the input AC signal (Vin2> Vin1) MP2 will be active 

when the input voltage becomes greater than Vthp, While the voltage at the negative input 

port of the right comparator becomes low “Vin1". Correspondingly, the output of the 

comparator is high which turns the transistor MN1 ON. Thus, the current flowing through 

(MP2-MN1) charges the loading capacitor CL. 
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Figure 2.17 Cross coupled active diode. [17] 
 

2.2.3.3 Active bridge voltage doubler 

The active bridge voltage doubler [20-21], shown in Figure 2.18, consists of positive 

and negative peak detectors, that generate DC voltages that track the positive and the 

negative voltage of the input AC signal. During the positive wave of the input AC signal, the 

voltage at the negative input port of the comparators is greater than 0V. Correspondingly, 

the comparator output is low which turns the PMOS switch ON and turns the NMOS switch 

OFF. Thus, the current flowing through the PMOS switch charges the loading capacitor Cload. 

During the negative wave of the input AC signal, the voltage at the negative input port of the 

comparator is lower than 0V. Correspondingly, the comparator output becomes high which 

turns the NMOS switch ON and turns the   PMOS switch OFF. Therefore, the current flowing 

through the NMOS switch charges the loading capacitor Cload. The total voltage drop of the 

active bridge doubler is Vth switch. The main advantage of that it provides two positive and 

negative DC output voltages. 

 

Figure 2.18 Active bridge voltage doubler. [17] 
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2.3 Switched capacitor DC/DC  

 

 Switched-capacitor DC/DC converter (SC DC/DC converter) is a type of voltage 

converters which provides “a DC voltage level to DC voltage level” conversion using only 

capacitors without using inductor that used at the conventional DC/DC make SC DC/DC 

have no EMI emission, smaller size, and easy system integration. SC DC/DC can generate a 

higher output voltage than the supplying voltage and higher area occupation when compare 

with the low-dropout regulators (LDO) which provide conversion with step-down only and 

low area occupation. However, SC DC/DC has a poorer power conversion efficiency than 

conventional inductor DC/DC. 

 
2.3.1 Linear SC DC/DC 

For the linear switched-capacitor DC-DC (Dickson charge pump) as shown in Fig. 

2.19[22], the capacitor voltage in each stage is charged to a supply voltage VDD, during the 

phase clock Φ1or other phase clockΦ2. Therefore, by cascading n repeating stages, the output 

voltage will be (n+1)VDD in the ideal case, i.e. the conversion ratio is (n+1). 

 

2.3.2 Fibonacci SC DC/DC  

 
For the Fibonacci switched-capacitor DC-DC topology as shown in Fig. 2.20[23], 

the capacitor voltage is charged to F(n+1)VDD during phase clock Φ1 or other phase clock 

Φ2. Therefore, by cascading n repeating stages, the output voltage will be F (n+1) VDD in 

the ideal case, i.e. the conversion ratio is F(n+2). 

 

 

 

Figure 2.19 Linear switched-capacitor DC-DC. [22] 
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Figure 2.20 Fibonacci switched-capacitor DC-DC. [23] 

 

2.3.3 The exponential SC DC/DC 

For the exponential switched-capacitor as shown in Fig. 2.21 [23], the step-up voltage 

at the output stage will be used as an input voltage of the next stage. Hence the conversion 

ratio of an n-stage exponential switched-capacitor is 2nVDD.  

Figure 2.21 An exponential SC DC-DC converter. [23] 
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2.4 Maximum power point tracking (MPPT)  

The maximum output power for a microscale energy transducer depends on the 

strength of the environment of the energy sources. It is used to ensure that energy 

harvesting systems operate at the maximum power point of energy transducers at any 

time, to maximize the amount of energy extracted. 

 

2.4.1 Perturb and Observe Method 

The P&O algorithms [24] operate by periodically perturbing (i.e. incrementing 

or decrementing). The array terminal voltage or current of the transducer changed then 

compared with the output power of the previous perturbation cycle. The ambient source 

operating voltage changing and increasing the output power, then the control system 

moves in the same direction otherwise if the output power decreasing then moving the 

operating point in the opposite direction and soon in the next perturbation cycle.  

 

A P&O common problem is that the array terminal voltage of transducer is 

perturbed every MPPT cycle; therefore the output power oscillates around the 

maximum, resulting in power loss in the ambient source system. There are many 

different P&O methods available in the literature. The classic P&O method (P&Oa), 

the perturbations is done with a fixed magnitude. In the optimized P&O method 

(P&Ob), the magnitude of perturbations is dynamically adjusted by the average of 

several samples of the array power. In the three-point weight comparison method 

(P&Oc), the perturbation direction is decided by comparing the output power on three 

points. 

 

2.4.2 Open voltage method 

 
The open voltage (OV) [25] method is based on the relation between the 

maximum power point and open voltage with a fixed percentage of the open voltage. 

The linear relationship between the maximum power point voltage (VMPPT) and the 

open-circuit voltage (Voc) under different environmental conditions.  

 

𝑉𝑀𝑃𝑃𝑇 = 𝐾𝑉𝑜𝑐                                                                    (2.3) 
 

Where K is the constant voltage factor 

 

2.4.3 Short circuit current method 

 
The short circuit current method is the same as the open-circuit voltage. There 

is a linear relationship between the current of maximum power point tracking IMPPT 

and the short circuit current,  
 

𝐼𝑀𝑃𝑃𝑇 = 𝐾𝐼𝑠𝑐                                                                     (2.4) 

 

Where K is the constant current factor and Isc is short circuit current [26]. It is a higher 

implementation cost but more accurate and efficient. 
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2.4.4 Look – up table method 

 
In this method, there is stored data for the ambient source under different 

environmental conditions. The output power is calculated and compared with stored 

data to track the maximum power point. This method requires a larger capacity to store 

the data under different atmospheric conditions [27] and requires many sensors, it is 

not very accurate and its speed is not so good. 

 

2.5 Analog to Digital converter 

 
Analog-to-digital converters (ADCs) play an important role to convert the 

analog signal to a digital signal. We can find ADC in many applications that we used 

today from tiny electronics circuits to huge rockets. The parameters that distinguish 

any ADC are sample rate, resolution, and power dissipation. The following section 

explains the different ADC. 

 

2.5.1 Flash ADC  

 
Flash analog to digital converter “parallel converter” as it depends on parallel 

architecture. It is the fastest conversion rate and a high sampling frequency. It 

consumes much power. 

 

2.5.2 Sigma delta ADC  

 
Sigma delta analog to digital converter has low power consumption and a 

higher resolution. 

 

2.5.3 Successive approximation ADC 

 
Successive approximation SAR analog to digital converter is the optimum 

solution for application required medium to high resolution. It has low power 

consumption so it is used for portable and powered systems. 

 

2.5.4 Folding interpolating ADC 

 
Folding analog to digital converters, has high speed and high conversion rate 

and it’s simpler compared to flash analog to digital converter. 

 

2.5.5 Pipeline ADC 

 
The pipelined analog to digital converter is used at a wide range of applications 

due to its high-resolution rate up to sixteen bits and the sampling rate up to 100 samples 

per second. 

Table 2.2 shows the different analog to digital converters. The folding 

interpolating has the highest conversion while sigma delta has the highest resolution. 

SAR, Pipeline, and flash have the lowest latency. Table 2.3 shows the comparison 

between the mentioned analog to digital converters in power, area, and cost. The SAR 

has the lowest power, cost, and area while flash has the highest power, cost, and area 
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Table 2.2 Comparison between different ADCs (latency, conversion and resolution) 

Architecture Latency Conversion Resolution  

SAR Low Slow Moderate 

Sigma –Delta High Slow High 

Pipeline  High Fast Moderate 

Flash Low Moderate Low 

Folding-Interpolating Low Fast Medium 

 

Table 2.3Comparison between different types of ADC [28] 

Architecture Power Cost Area 

SAR Low Low Low 

Sigma -Delta Moderate Moderate Moderate 

Pipeline  High Expensive Medium 

Flash High Expensive Large 

Folding-Interpolating Low Moderate Medium 
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Chapter 3 Energy harvesting system  
 

The energy harvesting system aims to convert ambient energy, for example, 

mechanical, photovoltaic solar, thermal or radio frequency into electrical energy which 

can be stored in batteries. Ambient energy of thermoelectric generators (TEG), silicon-

based micro-fuel and a single junction photovoltaic (PV) cells produces a dc power 

that can easily charge batteries without the need for AC/DC converter. Ambient energy 

of piezoelectric, electromagnet and RF produces AC power which needs AC/DC 

converter to be converted from ac power to dc power that can be easily stored by 

charging batteries. 

The maximum power point tracker is an electronic DC/DC converter that 

optimizes the match between the output voltage of the AC/DC converter and batteries’ 

voltage by reducing the higher voltage DC output from AC/DC converter to the lower 

voltage which is needed to charge batteries. 

The control unit provides the desired switching frequency with enough capability 

to drive the charge pump power. The control unit consists of analog to digital converter 

and digital control oscillator. The analog to digital converter is used to convert the 

analog signal which is produced from the AC/DC converter to digital signal; this signal 

is converted by the digital control oscillator into the desired switching frequency 

needed for the switched capacitor charge pump.  The energy harvesting system block 

diagram is shown in Figure 3.1. 

 

Figure 3.1 Energy harvesting system.  
 

3.1 The AC/DC converter  

The AC/DC converter is used to convert AC power harvested using a piezoelectric 

transducer to DC power as shown in Figure 3.2, AC source Vin is used instead of using a 

piezoelectric transducer for easy understanding.  AC/DC converter consists of two stages, 

At the first stage during the negative cycle of AC input signal, the capacitor C1 is charging 

by the AC peak voltage VC1=2Vin-Vth(M1), as the transistor M1 acts as a diode clamp, 

During the positive cycle of the AC input signal, the capacitor C1 discharged very little 

as the transistor M1 is OFF, the AC peak voltage will be (2Vin- Vth (M1) ) at terminal A. 

When the voltage at point (B) is  smaller than the voltage at point  (A), the transistor M2 

is  ON that allows charging of the capacitor C3 to DC voltage  VC3=2Vin-Vth(M1)-Vth(M2). 
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When the voltage of point (A) is smaller than the voltage of point (B), the transistor M2 

is OFF, disconnected the forward path of conduction.  At point (C) the capacitor C2 

voltage is shifted by a DC value (2Vin-Vth(M1)-Vth(M2)-Vth(M3)) plus the AC peak voltage 

(2Vin –Vth(M1) ) from the second path. 

 At the second stage if the voltage of point (D) is smaller than the voltage of point (C), 

the switch M4 ON allows a capacitor C4 charging by a DC value (4Vin-Vth(M1)-Vth(M2)-

Vth(M3)-Vth(M4) ). When the voltage of point (C) is smaller than the voltage of point (D), 

the switch M4 OFF, and discharges the capacitor C4 by RL.  

The active diode is a comparator-controlled PMOS switch as shown in Figure 3.3 .The 

comparator controls the gates of the switch M1 by using transistor M4-M9. The 

transistors M10-M12 are current mirrors used to supply the circuit with the current 

needed to power on the comparator. To reduce the voltage drop, the transistor M1 should 

turn ON and OFF completely. The bulk regulator is used by the transistors M2-M3 to 

prevent the chance of latch-up, the substrate of transistors M1, M4 and M6 will be 

connected to the highest potentials. If the switch M1 PMOS is still ON while Vout is 

higher than Vin, the reverse current appeared from Vout to Vin, and the power efficiency 

of the AC/DC converter will be reduced. As the gate voltage of PMOS switch M1 takes 

time to change to high voltage. The reverse current should be minimized to enhance the 

power efficiency by adjusting the size of transistor M11 and M12. The transistor size of 

M11 ought to be smaller than the transistor size M12, to eliminate the reverse current and 

minimize the delay. By setting Rload =30KΩ, the current passes through the current mirror 

is very small, So VGS=Vth. The gate voltage of transistors M7 and M4is around Vin+-

Vth.M4 turns ON when Vin- >Vin+ .Meanwhile, M5 turns OFF and the gate of M1 is pulled 

high to connect the gate of M1 to the ground. Then M1 turns on to charge the capacitor 

C3 . 

 

 

Figure 3.2 The proposed voltage multiplier AC/DC converter. [29] 



 

20 
 

 

Figure 3.3 The proposed active diode circuit. [29] 

 

The sizes of all devices used in this rectifier and active diode are shown in Table 3.1 

and Table 3.2. 

 

Table 3.1: Size of devices in the proposed rectifier 

Device size 

M1 1300 µm/0.3 µm 

M3 100 µm/3 µm 

M2,M4 13 µ/0.3 µm 

 

Table 3.2: Size of devices in the proposed active diode 

Device size 

M1 1300 µm/0.3 µm 

M2,M3 13 µm/0.3 µm 

M4,M5 1 µm/130 nm 

M6 1 µm/0.3 µm 

M7,M8,M9 1 µm/0.13 µm 

M10 10 µm/0.3 µm 

M11 20 µm/0.3 µm 

M12 40 µm/0.3 µm 
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3.2 Simulation results 

By using cadence spectre the voltage multiplier AC/DC converter is simulated 

using 130nm CMOS technology TSMC provider. Figure 3.4 shows the proposed 

voltage multiplier AC/DC transient behavior at different input values. Figure 3.5 shows 

the proposed voltage multiplier AC/DC transient behavior at sample input values.  

 

 

Figure 3.4 The proposed voltage multiplier AC/DC transient behavior.  
 

 

Figure 3.5 The proposed voltage multiplier AC/DC transient behavior.  
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Figure 3.6 shows the simulation result of the voltage value at point (A) at the 

proposed voltage multiplier AC/DC for voltage peak 500m, VA =2Vp-Vth(M1) . Figure 

3.7 shows that the voltage value at point (B) that equals to 2(Vp-Vth). The voltage value 

at point (C) is shown in Figure 3.8 that composed of a DC level equals to 2Vp-3Vth and 

an AC level equals to 2(Vp-Vth) through the capacitor C2. The output voltage at point 

(D) will be 4(Vp-Vth) as shown in Figure 3.9. 

 

Figure 3.6 The voltage Value at point (A) at the proposed voltage multiplier AC/DC.  

 

Figure 3.7 The voltage Value at point (B) at the proposed voltage multiplier AC/DC.  
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Figure 3.8 The voltage Value at point (C) at the proposed voltage multiplier 

AC/DC.  

 

Figure 3.9 The voltage Value at point (D) at the proposed voltage multiplier 

AC/DC.  

Figure 3.10 shows the simulation result of the voltage value at point (A) at the 

proposed voltage multiplier AC/DC for voltage peak 400m, VA =2Vp-Vth(M1) . Figure 

3.11 shows that the voltage value at point (B) that equals to 2(Vp-Vth). The voltage 

value at point (C) is shown in Figure 3.12 that composed of a DC level equals to 2Vp-

3Vth and an AC level equals to 2(Vp-Vth) through the capacitor C2. The output voltage 

at point (D) will be 4(Vp-Vth) as shown in Figure 3.13. 
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Figure 3.10 The voltage Value at point (A) at the proposed voltage multiplier 

AC/DC.  

 

 

 

 
 

Figure 3.11 The voltage Value at point (B) at the proposed voltage multiplier 

AC/DC.  
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Figure 3.12 The voltage Value at point (C) at the proposed voltage multiplier 

AC/DC.  

 

 

Figure 3.13 The voltage Value at point (D) at the proposed voltage multiplier 

AC/DC.  

Figure 3.14 shows that the transient response of the active diode with propagation 

delay 30ns, AC analysis for the active diode is shown in Figure 3.15, we can find the 

gain and bandwidth 600MHz. 
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Figure 3.14 Transient response of the active diode  

 

Figure 3.15 AC response of the active diode. 

 

The different input voltage amplitude versus voltage efficiency with 100kΩ 

load and without load the proposed circuit is shown in Figure 3.16, the voltage 

conversion efficiency for input voltage 0.6 V will be larger than 300% without load 

and for input 0.7V the voltage conversion efficiency will be 270% with 100kΩ load. 
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Figure 3.16 The different input voltage amplitude versus voltage efficiency with 

100K Ω load and without load.  

 

 

The power efficiency is calculated using  

∫ 𝑉𝑜𝑢𝑡(𝑡)𝐼𝑜𝑢𝑡(𝑡)𝑑𝑡
𝑇

0

∫ 𝑉𝑖𝑛(𝑡)𝐼𝑖𝑛(𝑡)𝑑𝑡
𝑇

0

100%                                                                                      (3.1)             

Where T is one period. Figure 3.17 shows the power efficiency for the proposed 

voltage multiplier AC/DC for different input voltage amplitude and the maximum 

power efficiency is 83%. 

 

Figure3.17 Input voltage amplitude versus power efficiency.  
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Table 3.1 presents a comparison with the latest papers. The minimum input voltage 

will be 0.2 and 83% is the maximum power efficiency of the proposed circuit. The 

voltage conversion ratio will be 270% with 100KΩ load and its ripples lower than 5% 

compared to the other AC/DC circuits.  

Table 3.3A comparison with latest papers 

Ref. 

 

TPEL 

 2011 

[30] 

 

ICEAC 

2012 

[31] 

Transducers 

2013 

[32] 

CSENS 

2014 

[33] 

 This 

work 

[29] 

Tech. 
External 

supplies 

TSMC 

90nm   
TSMC 90nm  

UMC  

180 nm  

TSMC 

130nm  

Input  0.1V-1.2V 0.1V-1V 0.1V-0.8V 0.15V-1V 0.2V-0.7V 

Output N/A 
≃ 0.2V-

1.7V 
≃ 0.2V-1.4V ≃ 0.2V-2V ≃0.5-2.2V 

Ripples 10% N/A N/A N/A <5% 

Frequency 1Hz-500Hz 
1Hz-

10kHz 
10H.z 8H.z 

20Hz-

1KHz 

Max 

power 

efficiency 

>80% 92% 67%  86% 83% 

https://www.abbreviations.com/term/516526
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Figure 3.18 shows that by adjusting the size of the transistor there will be no delay 

time of active diode so the power efficiency will be enhanced. 

 

Figure 3.18 No delay time of active diode   

 

 

Figure 3.19 shows the output dc voltage for the proposed AC/DC converter versus the 

maximum power that we can get by changing the RL for the different input values. 

Figure 3.20 shows the output dc voltage for the proposed AC/DC converter versus the 

maximum power for the sample input value. 

 

Figure 3.19 The Vrect versus the maximum power. 
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Figure 3.20 The Vrect versus the maximum power for sample of input. 
 

 

3.3 The DC/DC converter charge pump 

The maximum power point tracker is an electronic DC/DC converter that 

optimizes the match between the output voltage of the AC/DC converter and batteries’ 

voltage by reducing the higher voltage DC output from AC/DC converter to the lower 

voltage which needed to charge batteries. 

The charge pump is used to transfer the harvesting energy from ambient sources 

to provide the electronics circuit with the needed power through the output capacitor 

without the need of replacing the battery as shown in Figure 3.21. The operation of this 

topology working as a following, When Q is high, C3 top plat Vx=V1 and the bottom 

plate connected to the ground. When Q is low, path 1 is disconnected, and V3 is charged 

up by path 2 so if Vx>Vout the charge stored at C3 and if Vx<Vout the charge moved to 

supercapacitor.   

 

The amount of charge transfer through path 1 to last stage 

Q1=C1Vrect-C1(V1-Vrect) =C(2Vrect-V1)                                                         (3.2)             

The amount of charge transfer through path 2 to last stage 

Q2=C2Vrect –C2(V2-Vrect) =C(2Vrect-V2)                                                       (3.3) 

The amount of charge transfer from last stage to Cout 
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Q3=C3V1 – C3(Vout-Vx) =C(V1+ Vx-Vout)                                                     (3.4) 

Q1=Q2=Q3 from which we can obtain that 

From Q1=Q2, We get V1=V2 

From Q1=Q3, We get 2V1-Vout=2Vrect-V1 

V1=1/3 (2Vrect+Vout)                                                                                     (3.5) 

Q3=C (4Vrect-Vout) /3                                                                                    (3.6) 

The output current for DC/DC can be modeled as: 

       𝐼𝑜𝑢𝑡 = 𝑓𝑐𝑙𝑘𝑄𝑎𝑣𝑔 =
1

3
𝑓𝑐𝑙𝑘 𝐶 (4𝑉𝑟𝑒𝑐𝑡 − 𝑉𝑜𝑢𝑡)                                                            (3.7) 

 

Where, fclk is the switching frequency, C is the capacitance; Vrect is the output voltage 

of AC/DC converter Vout is the output voltage of DC/DC.  The DC/DC input impedance 

will be a very important key to get the MPPT of the designed circuit. The DC/DC input 

impedance will be as: 

𝑅𝑖𝑛 =
1

𝑓𝑐𝑙𝑘 [(4 −
𝑉𝑜𝑢𝑡

𝑉𝑟𝑒𝑐𝑡
)

4𝐶

3
+

𝛽

𝑉𝑟𝑒𝑐𝑡

                                                                                  (3.8) 

 

The input impedance is inverse proportional to the switching frequency of DC/DC. The 

DC/DC charge pump acts as a variable resistance changing its value by changing the 

desired frequency, finding the relation between the dc input voltage and the frequency 

enables us to get the maximum power point tracking. 

 

 
 

Figure 3.21 The DC/DC circuit. [34] 
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The sizes of all devices used in the DC/DC converter is shown in Table 3.4 

 

Table 3.4: Size of devices in the DC/DC 

Device size 

S1,S3,S4,S5,S7,S8.S10 0.45 µm/0.13 µm 

S2,S6,S10 0.90 µm/0.13 µm 

C1,C2,C3 300pF 

 

3.4 Simulation results 

The AC/DC converter and DC/DC converter is simulated by using cadence 

spectre with 130nm CMOS technology. Table 3.5 shows that for different input signals 

at the switching frequency of the DC/DC =0 Hz, the input of DC/DC is equal to the 

open-circuit voltage of AC/DC; changing Fclk will get the MPPT of the input signal. 

Figure 3.22 shows the relation between Voc and VMPPT for the different input values. 

 

Table 3.5 The relation of different input samples value and VMPPT with Fclk 

Vin(V) 0.3 0.4 0.5 0.6 0.7 

Voc(V)  

at Fclk=0 0.696 1.115 1.446 1.825 2.21 

VMPPT(V) 0.46 0.796 0.895 1.0557 1.17 

Fclk(KHz) 57 74 83 110 132 

 

 

Figure 3.22 The relation of Voc and VMPPT for different input samples value. 
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Figure 3.23 shows the relation between Vrect and Vout for the input peak value 

500mV the rectifying voltage will be 800mv and the output of the DC/DC converter 

will be 1.8V 

 

 

Figure 3.23 The relation of Vrect and Vout. 

 

Figure 3.24 shows the relation between the output voltage of the AC/DC converter and 

the switching frequency of the DC/DC converter for different input samples value.  

 

Figure 3.24 The relation between output voltage of AC/DC converter and the 

frequency of the DC/DC charge pump 
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The DC/DC charge pump chip layout occupies an active area of 8.80µm*8.90µm as 

shown at Figure 3.25. 

 

Figure 3.25 Charge pump layout  

 

 

3.5 A MPPT digital circuit 

 
In recent years, a large number of techniques have been presented for the 

maximum power point tracking (MPPT), such as the perturb and observe method (P&O) 

[35-36], the incremental conductance method (IncCond) [37], artificial neural networks 

(ANN) [38], or fuzzy logic (FL) [39-40].  

In P&O strategy, in this method an increase in voltage or current is done then the 

power is measured, if there is an improvement in measured power over the last state the 

next step of increasing would be perturbed, otherwise, the converter starts decreasing the 

voltage/current. The disadvantages of this strategy  makes that the system oscillate 

around the MPP, by using the incremental conductance strategy this situation is 

corrected, This method tracks the MPP by changing the voltage and current supplied to 

the load and measuring the instantaneous and incremental conductance periodically to 

reach the minimum value of the two parameters but it maintains the fixed-step.  

In the case of systems based on ANN and FL, the performance of the algorithms 

depend on the ability of the designer to work well, besides Neural Networks must be 

adapted when there are changes in the system. The use of a variable-step to calculate the 

increment in the MPPT control shows a good performance, but in this type of algorithm 

is necessary to correctly determine the size of the increment or decrement of current, high 

complexity is the major drawback for such strategies. The fundamental principle of 

predictive control is to use the actual inputs of the system to pre-calculate the optimal 
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action for the next state. The major advantage of predictive control is its simple and 

comprehensive design procedure. 

The comparison of MPPT algorithm in case of using the piezoelectric transducer 

shows in table 3.6 

Table 3.6 Comparison of different MPPT algorithms. 

 

Ref. [41] 2019 [42] 2014 [43] 2013 [44] 2012 [45] 2013 

Technology 0.13µm 0.35µm 0.25µm Off-chip 0.25µm 

Harvester  Piezoelectric Piezoelectric Piezoelectric Piezoelectric Piezoelectric 

MPPT 

Algorithm  

P&O Fraction Voc Variable 

step - P&O 

P&O Variable 

step - P&O 

 

This section is presenting a detailed explanation for the maximum point power 

tracking for piezoelectric energy harvesting systems. The idea of this technique depended 

on studying the piezoelectric characteristics. This study is based on connecting the 

piezoelectric to the AC/DC converter that converts the AC power to DC power.  

The DC/DC optimizes the match between the output voltage of the AC/DC 

converter and voltage of batteries by converting a higher voltage DC output from AC/DC 

converter down to the lower voltage needed to charge batteries. The DC/DC charge pump 

acts as a variable resistance changing its value by changing the desired frequency, finding 

the relation between the dc input voltage and the frequency enables us to get the 

maximum power point tracking between the piezoelectric transducer that changes due to 

the vibration of piezoelectric transducer and voltage of batteries.  

The control unit provides the desired switching frequency with enough capability 

to drive the charge pump power that will change its resistance based on this switching 

frequency consists of analog to digital converter and digital control oscillator. 

3.5.1 Analog to digital converter  

 
Analog to Digital Converter (ADC) helps us to communicate between analog 

signals to digital signals. The resolution, conversion rate, power dissipation, the die 

area, and the input impedance are some of the common parameters to evaluate ADCs. 

A figure of merit (FOM) is a useful tool for comparing the conversion efficiency of 

A/D converters. We will only consider the three primary metrics, which are the 

resolution, the conversion rate, and power dissipation to construct a useable figure of 

merit. The popular FOMs that is used to find a good relationship that describes the 

trade-off between resolution and power dissipation, and conversion rate and power 

dissipation.  

Walden FOM [46] is widely used, which is defined as 

 

𝐹𝑂𝑀𝑤 =
𝑃

𝐹𝑠.2𝐸𝑁𝑂𝐵
                                                                                 (3.9) 

 

Where P is the power dissipation, fs is Nyquist sampling rate, and ENOB is the 

effective number of bits defined by the signal to noise and distortion ratio (SNDR) as  
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𝐸𝑁𝑂𝐵 =
𝑆𝑁𝐷𝑅−176

6.02
                                                                                   (3.10) 

 

 

Schreier FOM [47] is given as; 

 

𝐹𝑂𝑀𝑆.𝐷𝑅 = 𝐷𝑅 + 10log (
𝐵𝑊

𝑃
)                                                              (3.11) 

 

 According to Schreier FOM, energy increases 4x per bit (DR). It also ignores 

the distortion.  

Schreier FOM includes distortion [48] is given as; 

 

𝐹𝑂𝑀𝑠 = 𝑆𝑁𝐷𝑅 + 10log (
𝑓𝑠/2

𝑃
)                                                           (3.12) 

 

There are many surveys of ADC are presented to provide a clear perspective 

on various aspects of ADCs [49-50]. In this section, five types [51] of ADCs 

architectures have been compared. These five types ADCs are flash ADC, Sigma-Delta 

ADC, Successive approximation ADC, Pipeline ADC and Folding –Interpolation 

ADC. SAR is used due to lower power consumption and small size in compared with 

others, it also has medium to high resolution while Flash has the highest power 

consumption and sigma-Delta has the highest resolution .The disadvantage of SAR its 

limited speed. SAR ADC ideal for wide variety of applications, such as 

portable/battery –powered instruments. The Encoding method of SAR is the successive 

approximation register. 

 

The Successive-approximation-register (SAR) as shown in Figure 3.26 based 

on a binary search. Sample and hold circuit samples the analog input signal of the 

AC/DC converter, and holds it until the conversion period finishing. While the 

comparator compares the output of the digital to the analog circuit with the output of 

the sample and hold circuit and its output will feed to successive approximation 

register, by using the charge redistribution circuit as shown in Figure 3.27, we can 

apply the sample and hold circuit and DAC, while the SAR control circuit imposes by 

the Verilog A code as mentioned in Appendix A. By the end of conversion, we will 

have a digital output of the AC/DC converter.  

 

The principle of operation is shown in Figure 3.28 as the following: at the initial 

clock cycle Q0 the input is sampled. While at the next clock cycle Q1 the voltage of 

digital to analog converter VDAC= Vref-Vin +Vref/2 with Vref and the comparator output 

is high, and so on.  The voltage of digital to analog converter VDAC= Vref-Vin +Vref/2 

+Vref/4 compared with Vref at clock cycle Q2 and therefore the comparator output is 

still high. While at the third clock cycle Q3 Vref compared with VDAC=Vref-

Vin+Vref/2+Vref/4-Vref/8 and the comparator output is low.  

 

The voltage VDAC= VDAC=Vref-Vin+Vref/2+Vref/4-Vref/8+Vref/16 compared with 

Vref and the comparator output is high at Q4, at the fifth clock cycle Q5 VDAC= Vref-

Vin+Vref/2+Vref/4-Vref/8+Vref/16 +Vref/32 compared with Vref and therefore the output 

of the comparator is high. The comparator output is low at Q6 as the result of the 

comparison between VDAC= Vref-Vin+Vref/2+Vref/4-Vref/8+Vref/16+Vref/32-Vref/64 and 

Vref. 
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 At the next clock cycle Q7, the voltage of digital to analog converter VDAC= 

Vref-Vin+Vref/2+Vref/4-Vref/8+Vref/16+Vref/32-Vref/64+Vref /128 compared with Vref and 

therefore the comparator output is high. The comparator output is low at Q8 as the result 

of the comparison between Vref and VDAC.  

 

The digital output will be (10110110) for the analog input voltage 0.5V, as 

shown in Figure 3.29. Figure 3.30 shows that for the analog input voltage 200mV, the 

digital output will be (010010011). The resolution of SAR will be 28 that can resolve 

256 levels. The least significant bit in case of an 8 bit is 1/256. To convert the least 

significant bit into a voltage we take the input range of ADC and divide by the 

resolution. Table 3.7 shows the least significant bit for a one volt for different input 

resolution of 3 to 8 bits. 

 

Table 3.7 Steps and resolution  

Resolution The least significant bit Minimum Voltage step 

3 Bit 1/8 125 mV 

4 Bit 1/16 62.5 mV 

5 Bit 1/32 31.25 mV 

6 Bit 1/64 15.625 mV 

7 Bit 1/128 7.812 mV 

8 Bit 1/256 3.906 mV 

 

 
 
 

 
 

Figure 3.26 The successive approximation register (SAR). 
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Figure 3.27 Implementation of charge redistribution circuit. 

 

 

 
 

Figure 3.28 The operation of SAR. 
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Figure 3.29 Binary search of ADC for 0.5V. 

 

 
 

Figure 3.30 Binary search of ADC for 200mV. 
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Table 3.8 shows the analog signal samples and corresponding digital signal and the error 

of SAR ADC circuit for analog signal 0V the digital signal (00000000) while for analog 

signal 200mV the digital signal (01001001) and the actual signal should be ( 1/2+1/16+ 

1/128) around 199.60mv and the error will be 0.001. 

Table 3.8 The analog signal samples, digital signal corresponding and the error 

Analog Signal Digital signal Actual  signal The error 

0 00000000 0 0 

100mV 00100101 99.998mV 0.001 

200mV 01001001 199.60mV 0.0004 

300mV 01101101 298.04mV 0.0019 

400mV 10010010 399.218mV 0.0007 

500mV 10110110 497.65mV 0.002 

600mV 11011010 596.09mV 0.003 

700mV 11111110 694.53mV 0.005 

 

Table 3.9 compares the designed SAR ADC performance with state of the art realizations 

ADCs. The power can be decreased by the use of a smaller unit capacitance. Figure 3.31 

shows that active area layout for SAR ADC. 

 

Table 3.9 Performance comparison with State of the art implementations 

 Vijay [52] 

2013 

Liu [53] 

2016 

ISSCC [54] 

2015 

This work 

2019 

Technology 90nm 28nm 65nm 130nm 

supply 1.2 V 0.9 V 1.2 V 1.2 V 

Input range  - 1.6 2.4 2.4 

Sampling rate 250Ms/s 100Ms/s 50Ms/s 1Ms/s 

Unit cap. - 0.9pF 2pF 5fF 

Power Cons. 1.49mW 0.35mW 1mW 18µW 

Area - 0.0047mm2 0.054mm2 0.0124mm2 

architecture Single ended SAR – 

assisted digital slope 

SAR- 

assisted Pipeline 

Single ended 
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3.5.2 Digital control oscillator 

 
Traditionally, phase locked loops (PLLs) [55] are considered analog circuit, 

thus inherently are susceptible to process vibration and noise. We need to redesign 

when we moved from certain technology to another. To overcome the mention 

problems the digitalization phase looked loops took place. All digital phase looked 

loops (ADPLL) [56] promises less noise, fast locking control algorithms, easy to reuse 

when technology changed. The efforts of current research are focused on lowering 

supply voltage, power dissipation and occupied area.  Table 3.10 shows the 

improvement in power consumption in the last decade. As the power consumption is 

very important key in portable devices.  

 

 A straightforward implementation of digitally controlled oscillator (DCO) can 

be implemented by combining a digital to analog converter (DAC) and a voltage 

controlled oscillator (VCO) .The DAC takes a binary control word and converts it into 

a voltage, which in turn drives the VCO to generate the needed oscillation frequency. 

Table 3.11 compares low voltage VCOs and DCOs in terms of their performance.  

 

Table 3.10 Comparisons of power consumption in DCO implementation 

Ref. Algorithms  Achievements mW 

[57] 2004 Shunt capacitor technique  

 

1 

[58] 2003 Uses a bank of tri-state  

inverter buffers  

164 

[59] 2003 Uses inverter ring 100 

[60] 2005 Uses digitally controlled varactor 

(DCV)  

18 

[61] 2008 Base on a ring oscillator 

implemented with Schmitt trigger 

based inverters 

2.3 

[62] 2012 Driving strength controlled delay 

with two NAND gates as inverters 

0.7 

[63] 2011 Low power Schmitt trigger inverters 0.56 

 

 

 

 

Figure 3.31 SAR ADC active area layout 
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Table 3.11 Comparisons of power consumption and frequency range  

Ref. Technology VDD Frequency 

range  

Power 

[64] 2015 130nm 0.7V 382-412 MHz 840µW 

[65] 2011 90nm 0.5V 0.16-1.5 GHz 1157µW 

[66] 2013 180nm 1.2V 3.6-3.9 GHz 570 µW 

[67] 2018 180nm 1.8V 0.09-3.7 MHz 105 µW 

[68] 2017 65nm 0.6V 46.2-147 MHz 77.3µW 

[69] 2013 90nm 0.5V 176-480 MHz 400µW 

 

The DCO implemented using Verilog coding (Appendix B). Figure 3.32 shows 

that the simulation of the DCO when the input signal is (11011010), the clock frequency 

is 109.700 kHz. Another simulation is shown in Figure 3.33 for the input (01101101), 

and the clock frequency is 57.6 kHz. 

 

 

 

Figure 3.32 Simulation of DCO when the input signal is (11011010), the clock 

frequency is 109.700 KHz. 

 

 
Figure 3.33 Simulation II for DCO for the input (01101101), 

 The clock frequency is 57.6 KHz. 
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The digital output of the SAR ADC converter which in turn drives the DCO to 

generate the desired clock based on the values of the input signal to get the MPPT for our 

transducer. Table 3.12 shows the analog input samples of AC/DC and the corresponding 

MPPT value by changing the input resistance of DC/DC circuit, the digital signal 

generated by the SAR ADC circuit, and the frequency of DCO that controls the DC/DC. 

 

Table 3.12 Summary samples value of each sub-blocks of the system 

Input(V) MPPT(V) SAR ADC  Frequency of DCO(KHz) 

0.3 0.46 01101101 57 

0.4 0.796 10010010 74 

0.5 0.895 10110110 83 

0.6 1.0557 11011010 110 

0.7 1.17 11111110 132 

 

The contribution of this work “a design of an energy harvesting system using the 

piezoelectric transducer and sub-circuits,” compared with the recent researches using the 

same technique.  Table 3.12 shows the performance metrics of our proposed design and 

other designs that used solar transducer. It can be illustrated that the proposed approach 

achieves promising results with maximum power efficiency reach to 70% with minimum 

input range between 300:700mV. 

 

Table 3.12 Performance metrics of the proposed design 

Design Metric VLSID [70] 2012 NEWCAS [71] 2015 Proposed Design[72] 

Transducer  Solar Solar Piezo 

Control Frequency 8.8MHz:21.9MHz 1.06MHz:6.11MHz 57KHz:132KHz 

Input voltage range 632mV:742mV 613mV:714mV 300mV:700mV 

Maximum Input power  424µW:2.138mw 276µW:3.13mW 12µW:108µW 

Maximum Power Efficiency 51% 58% 70% 

Energy Buffer Voltage  1.8V 1.8V 1.8V 

Size - - 0.249mm2 
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Chapter 4 

4.1Conclusion 

A survey about several active AC-DC converter circuits that used active diodes 

such as negative voltage converter with active diode, cross-coupled active full-bridge, 

and active bridge voltage doubler to perform signal rectification is done. Our study shows 

that the active AC-DC converter is the most efficient and can work at minimum input 

voltage. The proposed AC/DC converter works with an input voltage range from 0.2V to 

0.7V with a frequency range 20- 1K Hz and its output DC voltage range from 0.5V to 

2.2V. The maximum power efficiency achieved is 83% and the circuit layout 0.2mm2. 

 

The maximum power point tracker is an electronic DC/DC converter that 

optimizes the match between the output voltage of the AC/DC converter and batteries’ 

voltage by reducing the higher voltage DC output from AC/DC converter to the lower 

voltage which needed to charge batteries. At the switching frequency of the DC/DC 

converter equals 0 Hz, the input of the DC/DC converter is very high, so the output of 

the AC/DC converter equal to the open-circuit voltage, changing Fclk by using an external 

clock. We found the corresponding frequency that enables us to will get the MPPT of the 

input signal. The DC/DC charge pump acts as a variable resistance changing its value by 

changing the desired frequency, finding the relation between the dc input voltage and the 

frequency enables us to get the maximum power point tracking between the energy 

harvesting by piezoelectric that changes due to the vibration of piezoelectric transducer 

and voltage of batteries. 

The control unit provides the desired switching frequency consists of analog to 

digital converter and digital control oscillator. The analog to digital converter used is 

the successive approximately register due to low latency, low power consumption, and 

small area. Sample and hold circuit samples the analog input signal of the AC/DC 

converter from 0V to 700mV, and holds it until the conversion period finishing. By the 

end of conversion, we will have a digital output for the AC/DC converter from 

00000000 to 1111111. The DCO implemented using synthesized Verilog coding 

generates the desired clock to get the MPPT for our transducer. 

 

The proposed energy harvesting system using piezoelectric transducer with 

input ac voltage range from 0.2 to 0.7 V, with energy buffer voltage 1.8V and frequency 

of DC/DC will generate by using DCO and the total size circuit is 0.249mm2. 
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4.2 Recommendation for the future work 

 
Recommendation for the future work of this study can be categorized for different 

scopes. We plan to use triboelectric nanogenerators (TENGs) [73] instead of 

piezoelectric transducer as the triboelectric nanogenerators (TENGs) are considered a 

very promising technique for harvesting mechanical energy due to its ease of fabrication, 

relatively cheap materials, large output power and high conversion efficiency compared 

to other techniques such as those relying on piezoelectric and electromagnetic effects.  

 

AC/DC converter should be redesigned to work with the high voltage provided 

by TENGs as shown in Figure 4.1 by using different material we have high output voltage 

and current. We need to design a DC/DC circuit with improved power efficiency as the 

charge pumps switched capacitor its power efficiency cannot reach 100% due to the 

structure of the converter itself. 

 

 The DCO should design at the circuit level instead of DCO verilogA code to 

be more realistic and compare with the recent research. The area layout should 

be resized for fitting the chip into the human body for future use. Besides, the 

new design technique will lead to improving the power efficiency of the 

energy harvesting system. The MPPT of circuit can design depending on the 

relation between the VMPPT and the open circuit voltage Voc, VMPPT=0.5Voc  

   

  

Conventional TENGs are withheld due to the requirements of a rectifier circuit. 

Direct current triboelectric nanogenerator [74-75] is designed for harvesting energy 

without the need of AC/DC rectifier This DC-TENG may open up new avenues for 

further fundamental research and experimental development of DC energy harvesting 

systems used in various scenes including large-scale energy harvesting and flexible 

electronics. 

 

 
Figure 4.1 The output voltage and current of TENG by changing the materials of 

friction layers [76] 
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Appendix A 

SAR control-VerilogA 

 
// VerilogA for SAR, control_logic, veriloga 

 

`include "constants.vams" 

`include "disciplines.vams" 

 

Module 

control_logic(Vref1_7,Vref1_6,Vref1_5,Vref1_4,Vref1_3,Vref1_2,Vref1_1,Vref1_0,V

ref2_7,Vref2_6,Vref2_5,Vref2_4,Vref2_3,Vref2_2,Vref2_1,Vref2_0,Vef1_n,Vref2_n,

Vin_7,Vin_6,Vin_5,Vin_4,Vin_3,Vin_2,Vin_1,Vin_n,En_vin,Vin_0,comp_out,clk,EO

C); 

electrical 

Vref1_7,Vref1_6,Vref1_5,Vref1_4,Vref1_3,Vref1_2,Vref1_1,Vref1_0,Vref2_7,Vref2_

6,Vref2_5,Vref2_4,Vref2_3,Vref2_2,Vref2_1,Vref2_0,Vef1_n,Vref2_n,Vin_7,Vin_6,

Vin_5,Vin_4,Vin_3,Vin_2,Vin_1,Vin_0,Vin_n,En_vin,comp_out,clk,EOC; 

parameter real trise = 0 from [0:inf); 

parameter real tfall = 0 from [0:inf); 

parameter real tdel = 0 from [0:inf); 

parameter real vtrans_clk= 0.6; 

 

 

real Vref1[0:8]; 

real Vref2[0:8]; 

real Vin[0:8]; 

real comp_sig; 

real En_vin_sig,EOC_s; 

parameter real V_high=0.9; 

integer i; 

integer j; 



analog begin 

@ (initial_step) begin 

for (i=8;i>=0;i=i-1) begin 

Vref1[i]=0; 

Vref2[i]=0; 

Vin[i]=0; 

j=0; 

EOC_s=0; 

end 

end 

@(cross(V(clk)-vtrans_clk,1)) begin 

comp_sig=V(comp_out); 

if (j==0) begin 

En_vin_sig=1.4; 

EOC_s=0; 

for (i=8;i>=0;i=i-1) begin 

Vref1[i]=0; 

Vref2[i]=0; 

Vin[i]=1; 

end 

j=j+1; 

end else begin 

if (j==1) begin 

Vref1[7]=1; 

Vref2[8]=1; 

Vref1[8]=0; 

Vref2[7]=0; 

Vin[0]=0; 

Vin[1]=0; 

Vin[2]=0; 

Vin[3]=0; 



Vin[4]=0; 

Vin[5]=0; 

Vin[6]=0; 

Vin[7]=0; 

Vin[8]=0; 

En_vin_sig=0; 

j=j+1; 

end else begin 

if (j==2 && (comp_sig>V_high)) begin 

Vref1[6]=1; 

Vref2[6]=0; // 

Vin[8]=0.8; // delete this line 

j=j+1; 

end else begin 

if (j==2 && (comp_sig<V_high)) begin 

Vref1[7]=0; 

Vref2[7]=1; 

Vref1[6]=1; 

Vref2[6]=0;// 

j=j+1; 

end else begin 

if (j==3 && (comp_sig>V_high)) begin 

Vref1[5]=1; 

Vref2[5]=0;// 

j=j+1; 

end else begin 

if (j==3 && (comp_sig<V_high)) begin 

Vref1[6]=0; 

Vref2[6]=1; 

Vref1[5]=1; 

Vref2[5]=0;// 



j=j+1; 

end else begin 

if (j==4 && (comp_sig>V_high)) begin 

Vref1[4]=1; 

Vref2[4]=0;// 

j=j+1; 

end else begin  

if (j==4 && (comp_sig<V_high)) begin 

Vref1[5]=0; 

Vref2[5]=1; 

Vref1[4]=1; 

Vref2[4]=0;// 

j=j+1; 

end else begin  

if (j==5 && (comp_sig>V_high)) begin 

Vref1[3]=1; 

Vref2[3]=0;// 

j=j+1; 

end else begin 

if (j==5 && (comp_sig<V_high)) begin 

           

 Vref1[4]=0; 

           

 Vref2[4]=1; 

           

 Vref1[3]=1; 

           

 Vref2[3]=0;// 

j=j+1; 

end else begin 

if (j==6 && (comp_sig>V_high))begin 



 Vref1[2]=1; 

 Vref2[2]=0;// 

 j=j+1; 

end else begin 

 if (j==6 && (comp_sig<V_high)) begin 

 Vref1[3]=0; 

 Vref2[3]=1; 

 Vref1[2]=1; 

 Vref2[2]=0;// 

 j=j+1; 

 end else begin  

  if (j==7 && (comp_sig>V_high)) begin 

   Vref1[1]=1; 

   Vref2[1]=0;// 

   j=j+1; 

  end else begin 

   if (j==7 && (comp_sig<V_high)) begin 

    Vref1[2]=0; 

    Vref2[2]=1; 

    Vref1[1]=1; 

    Vref2[1]=0;// 

    j=j+1; 

   end else begin  

    if (j==8 && (comp_sig>V_high)) begin 

     Vref1[0]=1; 

     Vref2[0]=0;// 

     j=j+1; 

    end else begin  

     if (j==8 && (comp_sig<V_high)) begin 

      Vref1[1]=0; 

      Vref2[1]=1; 



      Vref1[0]=1; 

      Vref2[0]=0;// 

      j=j+1; 

     end else begin  

      EOC_s=1; 

      if (j==9 && (comp_sig<V_high)) begin 

       Vref1[0]=0; 

Vref2[0]=1; 

end 

j=0;       

end 

end 

end 

end 

end 

end 

end 

end 

end 

end 

end 

end 

end 

end 

end 

end 

end 

  

@(cross(V(clk) - vtrans_clk,-1)) begin 

  if(j==1) begin 

   Vin[0]=0; 



   Vin[1]=0; 

   Vin[2]=0; 

   Vin[3]=0; 

   Vin[4]=0; 

   Vin[5]=0; 

   Vin[6]=0; 

   Vin[7]=0; 

   Vin[8]=0; 

   En_vin_sig=0; 

   Vref2[0]=1; 

   Vref2[1]=1; 

   Vref2[2]=1; 

   Vref2[3]=1; 

   Vref2[4]=1; 

   Vref2[5]=1; 

   Vref2[6]=1; 

   Vref2[7]=1; 

   Vref2[8]=1; 

   Vref1[0]=0; 

   Vref1[1]=0; 

   Vref1[2]=0; 

   Vref1[3]=0; 

   Vref1[4]=0; 

   Vref1[5]=0; 

   Vref1[6]=0; 

   Vref1[7]=0; 

   Vref1[8]=0; 

    

  end 

  

 end 



 V(Vref1_7) <+ transition( Vref1[7], tdel, trise, tfall ); 

 V(Vref1_6) <+ transition(Vref1[6], tdel, trise, tfall ); 

 V(Vref1_5) <+ transition(Vref1[5], tdel, trise,tfall); 

 V(Vref1_4) <+ transition(Vref1[4], tdel, trise,tfall); 

 V(Vref1_3) <+ transition(Vref1[3], tdel, trise,tfall); 

 V(Vref1_2) <+ transition(Vref1[2], tdel, trise,tfall); 

 V(Vref1_1) <+ transition(Vref1[1], tdel, trise,tfall); 

 V(Vref1_0) <+ transition(Vref1[0], tdel, trise,tfall); 

 V(Vref2_7) <+ transition(Vref2[7], tdel, trise,tfall); 

 V(Vref2_6) <+ transition(Vref2[6], tdel, trise,tfall); 

 V(Vref2_5) <+ transition(Vref2[5], tdel, trise,tfall); 

 V(Vref2_4) <+ transition(Vref2[4], tdel, trise,tfall); 

 V(Vref2_3) <+ transition(Vref2[3], tdel, trise,tfall); 

 V(Vref2_2) <+ transition(Vref2[2], tdel, trise,tfall); 

 V(Vref2_1) <+ transition(Vref2[1], tdel, trise,tfall); 

 V(Vref2_0) <+ transition(Vref2[0], tdel, trise,tfall); 

 V(Vef1_n)  <+ transition(Vref1[8], tdel, trise,tfall); 

 V(Vref2_n) <+ transition(Vref2[8], tdel, trise,tfall); 

 V(Vin_n) <+ transition(Vin[8], tdel, trise,tfall); 

 V(Vin_7) <+ transition(Vin[7], tdel, trise,tfall); 

 V(Vin_6) <+ transition(Vin[6], tdel, trise,tfall); 

 V(Vin_5) <+ transition(Vin[5], tdel, trise,tfall); 

 V(Vin_4) <+ transition(Vin[4], tdel, trise,tfall); 

 V(Vin_3) <+ transition(Vin[3], tdel, trise,tfall); 

 V(Vin_2) <+ transition(Vin[2], tdel, trise,tfall); 

 V(Vin_1) <+ transition(Vin[1], tdel, trise,tfall); 

 V(Vin_0) <+ transition(Vin[0], tdel, trise,tfall); 

 V(En_vin) <+ transition(En_vin_sig, tdel, trise, tfall); 

 V(EOC)  <+ transition(EOC_s,tdel,trise,tfall); 

 end  

endmodul 



 

 

Appendix B 

Digital control Oscillator (DCO) VerilogA 
 

 

`include "constants.vams" 

`include "disciplines.vams" 

 

module squrJ2 (inp,out); 

inoutinp; 

electrical inp; 

output out; voltage out;                        // output terminal 

real freqT; 

parameter real vl=0; //low output voltage 

parameter real vh=2; //high output voltage 

real freq, phase, dT, tt, ttol, jitter ; 

integer n, seed; 

 

analog begin 

   @(initial_step) seed = -561; 

freqT=V(inp); 

tt=0.01/freqT; 

ttol=0.01/freqT; 

jitter=0.01/freqT; 

 

   // freq to freq2 

freq = freqT; 

 

   // add the phase noise 

freq = freq/(1 + dT*freq); 

 

   // bound the time step to assure no cycles are skipped 



   $bound_step(0.6/freqT); 

 

   // phase is the integral of the freq modulo 2p 

   phase = 2*`M_PI*idtmod(freq, 0.0, 1.0, -0.5); 

 

   @(cross(phase + `M_PI/2, +1, ttol) or cross(phase - `M_PI/2, +1, ttol)) begin 

dT = `M_SQRT2*jitter*$rdist_normal(seed,0, 1); 

       n = (phase >= -`M_PI/2) && (phase < `M_PI/2); 

   end 

 

   // generate the output 

     V(out) <+ transition(n ? vh : vl,330p ,tt); 

 

end 

endmodule 

 

 

 

`include "constants.vams" 

`include "disciplines.vams" 

 

module ehabdco(Vref1_7,Vref1_6,Vref1_5,Vref1_4,Vref1_3,Vref1_2,Vref1_1,Vref1_0,En,clk); 

electrical Vref1_7,Vref1_6,Vref1_5,Vref1_4,Vref1_3,Vref1_2,Vref1_1,Vref1_0,En,clk; 

parameter real trise = 0.000001 from [0:inf); 

parameter real tfall = 0.000001 from [0:inf); 

parameter real tdel = 0.000001 from [0:inf); 

parameter real vtrans_clk= 1; 

real Vref1[0:8]; 

real comp_sig,EOC_s; 

analog begin 

 



if(V(clk)==1) begin  

comp_sig=20000; 

Vref1[0]=V(Vref1_0); 

Vref1[1]=V(Vref1_1); 

Vref1[2]=V(Vref1_2); 

Vref1[3]=V(Vref1_3); 

Vref1[4]=V(Vref1_4); 

Vref1[5]=V(Vref1_5); 

Vref1[6]=V(Vref1_6); 

Vref1[7]=V(Vref1_7); 

end 

//0.7 

if (Vref1[7]==1 && Vref1[6]==1 && Vref1[5]==1 && Vref1[4]==1 && Vref1[3]==1 && 

Vref1[2]==1 && Vref1[1]==1 && Vref1[0]==0) begin    

 EOC_s=132000; 

 end 

//0.6 

else if (Vref1[7]==1 && Vref1[6]==1 && Vref1[5]==0 && Vref1[4]==1 && Vref1[3]==1 && 

Vref1[2]==0 && Vref1[1]==1 && Vref1[0]==0) begin    

 EOC_s=110000; 

 end 

//0.5 

else if (Vref1[7]==1 && Vref1[6]==0 && Vref1[5]==1 && Vref1[4]==1 && Vref1[3]==0 && 

Vref1[2]==1 && Vref1[1]==1 && Vref1[0]==0) begin    

 EOC_s=83000; 

 end 

//0.4 

else if (Vref1[7]==1 && Vref1[6]==0 && Vref1[5]==0 && Vref1[4]==1 && Vref1[3]==0 && 

Vref1[2]==0 && Vref1[1]==1 && Vref1[0]==0) begin   

 EOC_s=74000; 

 end 



//0.3 

else if (Vref1[7]==0 && Vref1[6]==1 && Vref1[5]==1 && Vref1[4]==0 && Vref1[3]==1 && 

Vref1[2]==1 && Vref1[1]==0 && Vref1[0]==1) begin    

 EOC_s=57000; 

 end 

else if (Vref1[7]==0 && Vref1[6]==0 && Vref1[5]==0 && Vref1[4]==0 && Vref1[3]==0 && 

Vref1[2]==0 && Vref1[1]==0 && Vref1[0]==0) begin    

 EOC_s=00000; 

 end 

V(En)  <+ transition(EOC_s,tdel,trise,tfall); 

end  

endmodule 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ملخصال  

الي  يتم تحويلها واشارات التردد اللاسلكييكية والضوئية والحرارية الميكانالمتجددة مصادر الطاقة 
ذو قيمة ضوئية تولد جهد الحرارية او ال الناتجة من المصادرالطاقة . طاقة كهربائية  لتخزينها بالبطاريات

تقوميها باستخدام محول التيار المتردد/ التيار والتالي يسهل شحن البطاريات دون الحاجة الي  جهد ثابت
ذو قيمة من المجس الكهرومغناطيسي او اشارات التردد اللاسلكي تولد جهد  ناتجةالبينما الطاقة المستمر 

 تقوميها باستخدام محول التيار المتردد/ التيار المستمر يتمولكي يتم تخزين تلك الطاقة بالبطاريات. متغيرة 
 وبالتالي يسهل شحن البطاريات. الجهد المتغير الي جهد ثابت قويمالذي يقوم بت

 

استخدام الطاقة الناتجة من المجس الكهروضغطي لتشغيل الدوائر الإلكترونية ذا البحث تم في ه 
في تطبيقات الطب الحيوي. الطاقة الناتجة يتم تقوميها باستخدام محول التيار المتردد/ التيار المستمر ذو 

 .%833ونسبة تحويل الجهد  %38كفاءة طاقة 
 
 

المستمر لمطابقة جهد خرج محول التيار المتردد/ التيار المستمر مع يستخدم محول التيار المستمر/التيار 
مكثفات باستخدام عدد من الحيث تم استخدام محول التيار المستمر/التيار المستمر  قيمة جهد المكثف

اللجوء الي استخدام الملفات والتي تستهلك مساحات اكبر من المكثفات  وذلك لسهولة التطبيق وعدم
 كهرومغناطيسي .وتجنب الحث ال

 
كيلوهرتز باستخدام مذبذب التحكم في الجهد  281كيلوهرتز الي  75يتم توليد نطاق التردد المطلوب من 

الذي يستخدم جدول بحث لضمان أن التردد الذي تم توليده يطابق أقصى نقطة طاقة. يتم تحويل جهد 
ي اشارة تخدام محول الاشارة التناظرية الخرج محول التيار المتردد/ التيار المستمر الي عدد من البت باس

 .لانها اقل استهلاك للطاقة والمساحة  دائرة السجل التقريبيوقد استخدمت  رقمية لإنشاء جدول البحث
 

والتردد يؤدي الي  محول التيار المتردد/ التيار المستمربين الجهد الناتج من وايجاد علاقة 
باستخدام المجس الكهروضغطي والتي تتغير نتيجة الاهتزاز المكتسبة قدرة للطاقة حصولنا علي اقصي 
 للمجس الكهروضغطي.

 



الاسهام في هذا العمل موضح علي عدد من نطاقات البحث. البحث الاول عمل مقارنة بين  
تيار مستمر والتي لا تعمل  باستخدام  الصمام الثنائي حيث تم عمل مقارنة بين  /محولات التيار المتردد 

لمعايير أيهما اقل جهد مستخدم والكفاءة والمساحة المستخدمة . البحث الثاني تصميم  تقنية عدد من ا
تيار مستمر وعمل مقارنة مع احدث الابحاث المنشورة في هذا النطاق.  /التيار المتردد  لمحولجديدة 

غطي في تطبيقات الطاقة الناتجة من المجس الكهروض تصميم للدوائر الإلكترونية لاستخدام البحث الثالث
 وما يشمل ذلك من دوائر فرعية مع مقارنة مع الابحاث المنشورة  . الطب الحيوي
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