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ABSTRACT 
 

The project aims at designing the receiver end of a wireless power transmission 

system which consists of an ac to dc rectification system and a voltage level shifting 

system. The ac to dc rectification system consists of a Full Bridge Rectifier and a 

Shunt Regulator. The Shunt Regulator makes the system insensitive to voltage 

fluctuations and thus helps to make it more stable.  

The dc to dc rectification system consists of a Multi Resonant Buck Converter used to 

step down the voltage to the desired level.  The power semiconductor modules have 

shrunk its size but the passive components (inductors, capacitors) used for filtering 

still occupy a considerable area. This paper focuses on reducing the size of these 

components by increasing the frequency. However higher frequency also poses the 

problem of higher switching losses. The use of resonant components like a Multi-

Resonant Buck and Boost Converter help minimize the switching losses further 

increasing efficiency and ensuring maximum power delivery.  

Also conventional gate drivers used cause a lot of power dissipation due to conduction 

losses and also involve the problem of shoot through. This project also makes use of a 

Resonant Gate driver to drive the Buck Converter, minimizing shoot through and 

conduction losses, thereby increasing efficiency. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Introduction to Power Converters 

 Power converters are building blocks of a power electronic system. It utilizes 

power semiconductor devices controlled by signal electronics and possibly energy 

storage elements such as inductors and capacitors. Based on the frequency on the two 

sides the converters can be divided into the following categories: 

a) ac to dc 

b) dc to ac 

c) dc to dc 

d) ac to ac 

Dc-Dc converters are widely used in switch mode dc power supplies and in dc motor 

drive applications. The input to these converters is unregulated dc voltage. DC to DC 

converters are also important in portable electronic devices such as cellular 

phones and laptop computers, which are supplied with power from batteries primarily. 

Such electronic devices often contain several sub-circuits, each with its own voltage 

level requirement different from that supplied by the battery or external supply Switch 

mode converters are used where the unregulated dc voltage needs to be converted into 

a controlled and regulated dc output at a desired voltage level [1]. 

The examples of dc-dc converters include: 

a) Buck converter (step-down converter) 

b) Boost converter (step-up converter) 

c) Buck-Boost converter (step down-step up converter) 

d) Cuk converter 
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e) Full bridge converter 

The Buck and the Boost converter are the basic dc-dc converters. The dc-dc converters 

use switches to transform the output from one level to the other. By controlling the 

switches' on and off durations, the average output voltage can be controlled and level 

shifted.[1] 

 

1.2 Step Down (Buck) Converter 

As the name suggests a step down converter is used to obtain a lower average 

output voltage than the input voltage. Step-down converters transfer small packets of 

energy using a  switch, a diode, an inductor and several capacitors. Although Buck 

converters are substantially larger and noisier than linear-regulators, buck converters 

offer higher efficiency in most cases. [1] 

 

 

Fig1.1 Buck converter [1] 

 

Average output voltage can be calculated in terms of the duty ratio as: 

                                                   *
   

  
+                                                              (1.1) 

By varying the duty ratio, the output can be varied. The load is usually inductive. Even 

a resistive load will have certain amount of stray inductance associated with it. To 

prevent the switch from absorbing the inductive energy we use a diode. A low pass 

filter is used to minimize the output fluctuations. 



Texas Tech University, Purvi Patni, December 2012. 

3 

 

Operation: The operation of the circuit can be divided into two time intervals 

depending on whether the switch is on or off. 

 

Fig 1.2 Buck converter ton and toff waveforms [1] 

 

When the switch is on, the diode is reverse biased and therefore off. During this time 

the input provides energy to the load as well as the inductor. 

 

Fig 1.3 Equivalent circuit during on time [1] 

 

When the switch is off, the diode becomes forward biased. Due to the property of the 

inductor to minimize changes in current, the inductor current flows through the diode 

providing the stored energy to the load. 
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Fig 1.4 Equivalent circuit during off time [1] 

 

In steady state analysis the average inductor current is equal to the average output 

current. In continuous current mode, the inductor current flows continuously without 

going to zero. When the switch is on the voltage across the inductor can be given as: 

                                                                                                                              (1.2) 

When the switch is turned off, because of inductive energy storage the inductor 

current    continues to flow and the voltage across the inductor is given as: 

                                                                                                                                 (1.3) 

                                                 (     )     (  )                                                  (1.4) 

                                          (     )     (  )(      )                                           (1.5) 

                                                         
  

  
⁄  

   
  

⁄                                                   (1.6) 

Therefore the output voltage varies linearly with the duty ratio of the switch for a 

given input voltage. 

Inductor Selection:  For continuous current mode the inductor can be selected as 

follows: 

                                           (           ) 
    

      
 

 

   
 

 

   
 

 

       
                     (1.7) 

 

Where     is the buck-converter switching frequency and LIR is the inductor-current 

ratio expressed as a percentage of IOUT (e.g., for a 300-mAp-p ripple current with a 1-

A output, LIR = 0.3 A/1 A = 0.3 LIR). An LIR of 0.3 represents a good tradeoff 
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between efficiency and load-transient response. Increasing the LIR constant—

allowing more inductor ripple current—quickens the load-transient response, and 

decreasing the LIR constant—thereby reducing the inductor ripple current—slows the 

load-transient response.[10] 

Output Capacitor Selection: Output capacitance is required to minimize the voltage 

overshoot and ripple present at the output of a step-down converter. Large overshoots 

are caused by insufficient output capacitance, and large voltage ripple is caused by 

insufficient capacitance as well as a high equivalent-series resistance (ESR) in the 

output capacitor. The output capacitor can be selected using the following equation: 

 

                             (√    
  [

 (        
         

 
)
 

  
]                                   (1.8) 

 

 

1.3 Wireless Power Transmission System 

The wireless power transmission system consists of a transmitter chip, a 

receiver chip and a transmitting coil which forms the transmitting antenna and a 

receiver coil which forms the receiving antenna. The transmitter chip consists of the 

Phase Locked Loop and the Power Amplifier. The receiver chip discussed in this 

thesis consists of the ac to dc rectification system and a dc to dc converter system.  

The system aims to achieve wireless power transmission using inductive coupling via 

near field communication. To achieve maximum power transfer the inductors are 

locked in resonance using the Phase locked Loop. The power amplifier amplifies the 

input and supplies it to the transmitting coil.  

 The receiver coil forms the receiving antenna. The ac to dc rectification system 

consisting of a full bridge rectifier and a shunt regulator rectifies the input and gives a 
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dc output. The dc to dc converter system consists of a Zero Voltage switched Multi 

resonant Buck converter to step down the dc voltage to the desired level. 

 

Fig1.5 Wireless Power Transmission System 

 

Applications: 

1. Mobile devices 

2. Laptops and Tablets 

3. House Hold Appliances 

4. Bio-medical applications 
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CHAPTER II 

FULL WAVE BRIDGE RECTIFIER 

 

2.1 Basic Full Bridge Rectifier 

 

The Full Wave Bridge Rectifier is a type of single phase rectifier that uses four 

individual rectifying diodes connected in a closed loop "bridge" configuration to 

produce the desired DC output from an AC signal. The four diodes are arranged in 

series pairs such that at a time only two diodes are forward biased.[3] 

 

Fig 2.1 Full Wave Bridge Rectifier Block Diagram [4] 

 

2.2 Rectifier Operation 

During the positive half cycle of the supply diodes D1 and D2 conduct in 

series while diodes D3 and D4 are reverse biased. The current in the circuit flows as 

shown in the figure. 
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Fig 2.2 Rectifier operation during positive half cycle[4] 

 

During the negative half cycle of the supply, diodes D3 and D4 conduct in 

series, but diodes D1 and D2switch "OFF" as they are now reverse biased. The current 

flowing through the load is the same direction as before. 

 

Fig 2.3 Rectifier operation during negative half cycle[4] 

 

As the current flowing through the load is unidirectional, so the voltage developed 

across the load is also unidirectional. The Dc Voltage across the load is given as 

0.637(Vmax).[4] 

However in reality, during each half cycle the current flows through two diodes 

instead of just one so the amplitude of the output voltage is two voltage drops ( 2 x 0.7 

= 1.4V ) less than the input VMAX amplitude. The ripple frequency is now twice the 
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supply frequency (e.g. 100Hz for a 50Hz supply). The full-wave bridge rectifier 

however, gives us a greater mean DC value (0.637 Vmax) with less superimposed 

ripple while the output waveform is twice that of the frequency of the input supply 

frequency. We can increase its average DC output level even higher by connecting a 

suitable smoothing capacitor across the output of the bridge circuit as shown below. 

The maximum ripple voltage present for a Full Wave Rectifier circuit is determined by 

the value of the smoothing capacitor but by the frequency and load current, and is 

calculated as: 

                                                                               ⁄                                            (2.1) 

 

 

2.3 Rectifier Design and Results 

The Fig 2.4 shows the schematic of the designed Full Bridge Rectifier. Here 

MOSFETS in diode connection are used instead of diodes. This helps in future 

transistor size reduction by adjusting the W/L ratios.  In order to connect a MOSFET 

in diode connection the gate of the transistor is connected to the drain and the body of 

the transistor is connected to the source. 

An input 12Vpp is used as a test input to check the operation of the rectifier. 

The input voltage goes from 3V to 15V, centered at around 8V i.e. the desired output 

voltage.  

During the positive half cycle the transistors P1and N2 turn on thus conducting 

the current. During the negative half cycle the transistors P2 and N1 turn on to provide 

the current to the load. The transistors were chose with a Width of 400u and Length of 

600n, in order to provide large current to the output. As the rectifier needs to be 

integrated with the other circuitry, it needs to provide adequate current in a fan-out 

configuration. For this purpose we use a NMOS in active region as a load instead of a 
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resistor .The capacitor at the output is used to minimize the ripple and was selected to 

be 3uF. The table 2.1 gives the transistor W/L ratios used in the circuit. 

 

Fig 2.4 Full Bridge Rectifier schematic in cadence 

 

Table2.1 Transistor Width and Length for designed Full Bridge Rectifier 
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The Fig 2.5 shows the ac input given to the Full Bridge Rectifier. An input voltage of 

12Vpp was given to the designed rectifier. From 3V to 15V. The input is centred at 

around 8V which is the desired output. 

 

Fig 2.5 Full Bridge Rectifier input 

 

The Fig  2.6 shows the rectified output. The Full Bridge Rectifier rectified the input 

voltage to give an output of 8V with a ripple voltage of 13mV. In order to further 

minimise the ripple we use a shunt regulator which minimises the ripple of the 

rectifier and level shifts the output to the desired level.  

 

Fig 2.6 Full Bridge Rectifier Output 
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CHAPTER III 

SHUNT REGULATOR 

 

3.1 Properties and Advantages of a Shunt Regulator 

In modern electronics it is important that circuits withstand several voltage 

transients and hazardous conditions which can easily destroy them. As the size of the 

components becomes smaller the components tend to become more sensitive to such 

fluctuations. To avoid damage and provide continuous operation without error in such 

conditions, a voltage regulator is necessary.[5] 

The basic property of any shunt regulator is to maintain a constant terminal voltage. 

The regulator senses the output and varies the conduction of the shunt element in order 

to obtain a constant output voltage. 

Using a shunt regulator has the following advantages: 

1) Inherent short circuit protection 

2) Relative insensitivity to input transients 

3) Automatic protection against over voltage transients at the output. 

The basic property of any shunt regulator is to maintain a constant terminal voltage. 

The regulator senses the output and varies the conduction of the shunt element in order 

to obtain a constant output voltage.[5] 

 

3.2 Shunt Regulator Operation 

The basic parts of a shunt regulator are: reference element, a comparison 

amplifier and a driven shunt element. The Basic block diagram of a shunt regulator is 

shown in the figure below: 
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Fig 3.1 Voltage Regulator basic Block diagram[6] 

 

 

Fig 3.2 Shunt Control Element[6] 

 

A shunt regulator converts a variable higher voltage dc to a constant lower voltage dc 

by varying the resistance of the device, thus eliminating fluctuations in the line. In 

order to achieve this it uses a shunt element consisting of one or more parallel 

transistors, as a variable resistance device.  

As the input rises or falls- the effective resistance of the shunt element is increased or 

decreased, thereby shunting more or less of the current away from the load.  
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a constant output voltage is provided by controlling the shunt using a  negative 

feedback loop composed of the resistor sampling chain, the difference amplifier, and 

the voltage amplifier, level-shifter element.[6] 

 A fraction of the output voltage (Rl + Rl).V is sampled and compared to a constant 

reference voltage, V. The difference amplifier yields a voltage proportional to the 

difference between Vr and the output sample. The amplified difference voltage is 

further amplified and the level shifted to drive the input terminal of the shunt element 

Voltage polarities are such that a small increase or decrease in output voltage resulting 

from line or load changes causes the correct decrease or increase, respectively, in 

shunt element impedance to keep the output constant. The output adjusts itself so that 

the sampled fraction is very nearly equal to the reference voltage. It is less sensitive to 

input voltage transients, does not reflect load current transients back to the source, end 

is inherently short circuit proof.[6] 

 

3.3 Shunt Regulator Design and Results 

The Fig 3.3 shows the schematic of a shunt regulator. The transistors P1, P2 

and N1 through N7 form the comparator. The transistor N8 forms the shunt element 

and is connected in parallel with the input.. The resistors R1 and R2 form the sampling 

resistors which sample a part of the output voltage.  

The voltage sampled using the voltage divider I fed to the non inverting 

terminal of the Op-amp. This sampled voltage is then compared to a reference voltage 

of 2.8V to generate an error signal. The output of the comparator i.e. the generated 

error signal is the gate voltage for the shunt element an thus drives the shunt element. 

If the output voltage increases, the error signal will also be large pushing the 

shunt transistor deeper into the saturation region. The shunt element then sinks in 

more current and the output voltage drops. If the output voltage goes below the desired 

level the error signal is small and the shunt transistor sinks in less current allowing 

more current to flow through the load. The output voltage thus increases. Therefore 
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the shunt regulator is insensitive to input fluctuations and helps maintain a constant 

and steady output.  

As seen in the figure 3.3 the two 100 Ohm resistors form a voltage divider and 

sample a part of the output voltage. The W/L ratios of the transistors are shown in the 

table 3.1 The W/L ratios are chosen such that sufficient current flows through the 

circuit and every transistor operates in the saturation region. It needs to be made sure 

that the drain-source voltage of the transistors is greater that the effective voltage for 

the transistor to be in saturation region. The detailed explanation and working of the 

comparator is discussed in chapter 6. 

 

Fig 3.3 Shunt Regulator schematic in cadence 
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Table 3.1 Transistor Width and Length for designed Shunt Regulator 

 

 

The Fig 3.4 shows the input voltage given to the shunt regulator. A voltage from 8V to 

8.1V i.e. 1V ripple voltage was used as a test input. The frequency of the ripple is 

3MHz. 

 

Fig 3.4 Input to the shunt regulator from the rectifier output 
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The Fig 3.5 shows the Shunt Regulator output voltage. An  output of 7.43V with a 

ripple voltage of 0.6V was obtained. The output voltage largely depends on the values 

of the sampling resistors. The two resistors were chosen to be 100Ohm and hence only 

half the output was sampled. Hence the lower output voltage of the shunt regulator. 

This shunt regulator output is to be used as an input converter when the system is 

integrated. The input to the converter is 5V and hence the desired output of the shunt 

reguuulator is close tooo   5V. 

 

 

Fig 3.5 Shunt Regulator output vs voltage simulated in cadence 

 

The Fig 3.6 compares the input and the output voltage waveform. It can be seen that 

for a ripple voltage of 1V, the shunt regulator bring down the ripple 0.6V. 
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Fig 3.6 Shunt Regulator input and output comparison 
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CHAPTER IV 

INTEGRATED AC TO DC RECTIFICATION SYSTEM 

 

The Fig 4.1 shows the  Full Bridge rectifier and the shunt Regulator integrated 

together. The output of the rectifier is input to the shunt regulator. The Full Bridge 

rectifier gives a dc output, however there is significant amount of ripple in the rectifier 

output. The shunt regulator is insensitive to input fluctuations it helps to level shift and 

maintain a steady output.. Active loads are used instead i.e. transistors in active region 

are used as loads for the circuit instead of resistors. This helps to minimize power 

dissipation in the resistors. 

 

 

Fig 4.1 Full Bridge Rectifier and Shunt Regulator integrated schematic 

 

The Fig 4.2 is the 8Vpp ac input to the integrated system. 
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Fig 4.2 Input to the integrated system 

The Fig 4.3 shows the outputs from the shunt regulator and the rectifier after 

integrating them together. The rectifier gives an output of 5.7V with a 30mV ripple. 

The shunt regulator gives an output of 5.3V with 0.42mV ripple. The input to the 

converter needs to be 5V as it is designed to step down the voltage from 5V to 3V. 

The regulator output being 5.3V satisfies the criteria. 

 

 

Fig 4.3 System output after integration 
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CHAPTER V 

OPERATIONAL AMPLIFIER DESIGN 

 

Current technology uses Opamps as the building blocks within the system. 

Today Opamps are used in a wide variety of applications including Phase Locked 

Loops, Local Oscillators, Analog to Digital and Digital to Analog Converters, Pulse 

Width Modulators as also in Radio Frequency applications like Mixers, Transmitters, 

Recievers and so on.[7] 

 

5.1 Operational Amplifier Performance parameters 

Design of the Opamp depends on the specification that fits the application. For 

example Opamps have a tradeoff between speed and accurate gain. In order to obtain 

an accurate gain we increase the W/L ratio in order to compensate for the errors in 

fabrication. This larger area is at the expense of compromise in speed.[7] 

Performance parameters for the Opamp: 

1. The Open Loop Gain (A): The main function of an operational amplifier is to 

amplify the input signal and the more open loop gain it has the better. Open-

loop gain is the gain of the op-amp without positive or negative feedback and 

for an ideal amplifier the gain will be infinite but typical real values range from 

about 20,000 to 200,000.The Open Loop gain determines the accuracy of the 

feedback amplifier and suppresses non linearity of the amplifier. 

2. Small Signal Bandwidth: The frequency response of a typical Opamp is 

modeled as a single dominating pole Opamp (i.e. Low Pass Filter). A typical 

Opamp has a high gain at low frequencies and low gain at high frequencies. A 

Opamp may have multiple poles but a single dominating pole so that the 

Opamp is stable. The unity gain (0dB) frequency also determines the gain of 
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the amplifier at any point along the curve. This constant is generally known as 

the Gain Bandwidth Product or GBP.  

 

Fig 5.1 Gain Bandwidth product of a Single stage Operational Amplifier[4] 

 

3. Time Rise (  ) and Time Fall (tf): The time rise and time fall are measured for 

unit step response. The time rise and fall are a function of the 3db frequency as 

the dominating pole has the biggest impact in the system.  

   = 0.667(τ) = 
     

     
                                                              (5.1) 

In practice the rise and fall times are generally not equal. As PMOS and NMOS 

operate for each mode they have different process parameters and transconductance. 

NMOS operates during fall time and PMOS operates during rise time and hence have 

different time constants as they have different resistances looking into the system as 

they go through different operational modes. 
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5.2 Transistor Level CMOS OPAMP 

 

There are two types of Op-Amps: 

1. Single stage Op-Amps 

2. Two stage Op-Amps 

Single Stage Op-Amps: For single stage Op-Amps the gain is low but they have 

higher Bandwidth. The higher Bandwidth implies that they are faster and can amplify 

higher frequencies, but have a low gain. 

 Double Ended Op-amp:  

 

Fig 5.2 Single stage Op-amp[7] 

The Low frequency gain of a Double Ended Amplifier is given as: 

Av = gm1. (ro1||ro3)                                                                              (5.2) 

The Transfer function is given as: 

A(s) = gm1. (ro1||ro3) / (1+s/p1)(1+s/p2).                                              (5.3) 

Thus Amplifier has 2 poles, one at the input and other at the output. 
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Typically the Bandwidth of the system is determined by the Load Capacitance.       

The dominating pole is given by this Load capacitance as: 

 p1 = 1/(ro1||ro3).CL                                                                   (5.4) 

Thus the transfer funcation can be approximated using single pole and we 

assume that the second pole occurs at very high frequency. 

 Single Ended Single Stage Op-Amp: 

The Low frequency gain of a Double Ended Amplifier is given as: 

Av = gm1. (ro1||ro3)                                                                              (5.5) 

The Transfer function is given as: 

A(s) = gm1. (ro1||ro3)(1+s/z1) / (1+s/p1)(1+s/p2).                                 (5.6) 

The circuit has one dominating pole, one mirror pole and a zero which is twice 

as high as the mirror pole and hence can be ignored. The dominating pole 

occurs at the load and hence can be given as: 

 p1 = 1/(ro2||ro4).CL                                                                   (5.7) 

As the other pole and zero are located at very high frequency, the transfer 

function can be approximated as follows: 

 A(s) = gm1. (ro1||ro3)/ (1+s/p1)                                                 (5.8) 

Single Stage Amplifiers are easy to design but have low gain. Hence two stage Op-

amps to increase the gain of the amplifier. 

 

5.3 Two Stage Op-amp Design and Results 

 The Fig 5.3 shows the schematic of the Op-amp designed. A two stage Op-amp 

was designed to provide a better gain for the system and provide a good amplification.  

The transistor N3 forms the current source and controls the current in the system. A 

gate voltage of 1V was chosen to limit the current in the Op-amp, so as to minimize 
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losses. The transistors N1 and N2 form the differential amplifier. The transistors P1 

and P2 are connected in current mirror configurations and determine the ratio of 

current through the two legs of the Op-amp. Transistor N4 forms the second stage of 

the op-amp. N4 forms a common source amplifier and helps improve the gain further. 

Transistor N5 acts as the load for N4. The transistor N5 is biased by the current 

mirrors N8 and N9, such that N5 is maintained in saturation region.  

 

 

Fig5.3 Two Stage Single ended Output Error Amplifier schematic in Cadence 

 

The W/L rations of the transistors are shown in the table 5.1. The transistor P1 

and P2 have equal W/L ratios and allow equal current to flow through both legs of the 
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Op-amp. The transistor N3 is chosen to have a small W/L ratio, so as to limit the 

amount of current through the system. The transistor N4 which is the common source 

amplifier is chosen to be the largest in order to provide maximum amplification. The 

transistors N6 and N7 form current mirror to bias the load N5. N6 is chosen larger that 

N7 to provide more current through N6 and provide a good biasing voltage to the load.  

 

Table 5.1 Transistor Width and Length for designed Error Amplifier 

 

 

The Fig 5.4 shows the input and output waveforms of the amplifier. The 

triangular wave from 0 to 5V forms one input of the comparator. And the reference 

voltage of 3.6V forms the other input of the comparator.  The triangular wave is 

compared to the reference voltage and a pulse width modulated output is generated.  
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When the Vtr (triangular input voltage) is less than the reference voltage, The 

output of the comparator is zero. When Vtr increases above the reference voltage the 

output of the comparator goes to Vdd i.e. 15V. A reference voltage of 3.6v is selected 

so as to get a pulse width of 200ns at the output. The triangular wave input is at a 

frequency of 1MHz. 

 

Fig 5.4 Error Amplifier output simulated in cadence 
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CHAPTER VI 

RESONANT GATE DRIVER 

 

6.1 Conventional Gate Drivers 

The gate drivers most commonly used have a Totem-Pole structure, consisting 

of a P channel and N-channel mosfet connected together at their drains. As seen from 

the figure Q1 is the P channel mosfet and Q2 is an N channel mosfet. Th two diodes 

symbolize the internal body diodes of the mosfets. The P channel mosfet is connect to 

the voltage source Vgs and the Nchannel mosfet is connected to ground. The gates of 

Q1 and Q2 receive the control signal from Vtrig. The gates of Q1 and Q2 are tied 

together for faster driving capability. The drains of the mosfets are connected to the 

gate of the power mosfet. [8] 

 

Fig 6.1Conventional Bipolar totem gate driver[8] 

 

The resistor Rg connected between the Gate Driver and the Power mosfet is the gate 

resistance of the mosfet. It includes the MOSFET semiconductor bulk resistance, 

power packaging resistance, and the on-resistance of Q1 and Q2. An external resistor 

is sometimes used to prevent high frequency rings. 
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Initially when the Vtrig goes negative the P-channel MOSFET Q1 turns on and Q2 

will be off. Current will flow out of the voltage source Vgate, through Q1 and Rg into 

the gate capacitance Cin. The current flows until it charges the capacitor to Vgate.  The 

circuit works as shown in the figure. 

                      

Fig 6.2 Equivalent circuit for conventional gate driver during charging period [8] 

Now when Vtrig goes positive Q1 turns of and Q2 turns on. The current now flows out 

of Cin, through Rg and Q2 and returns to the ground. This current flow stops once Vg 

goes to zero. A simplistic circuit for the above operation is shown in the figure.[8] 

                      

Fig 6.3 Equivalent circuit for conventional gate driver during discharging 

period[8] 

Therefore a conventional gate driver works as a simple R-C first order system.  The 

only differences between charging and discharging are the initial voltage level across 

Cin and the involvement of the voltage source Vgate. During the charging period, the 

initial value of Vg is zero and Vgate is involved; during the discharging period, Vg is 

initially Vgate and the voltage source is not involved. [8] 
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6.2 Disadvantages of Conventional gate drivers 

Despite of the simplicity in operation the MOSFET gate drive loss consists of 

the following three parts:  

a) conduction loss 

b)  cross-conduction loss 

c)  and switching loss.  

Conduction loss refers to the power loss dissipated by the gate resistor Rg. Cross-

conduction loss is caused by the “shoot-through” current going through both Q1 and 

Q2. Switching loss is observed due to the crossover of voltage and current whenever 

Q1 and Q2 switch.  

Among all three parts, conduction loss is usually the most dominant part in driving a 

typical power MOSFET. This loss can be minimized if there is a way to store the 

energy dissipated and return it back to the source.[8] 

 

6.3 Resonant Gate Driver 

Reactive components have the property of storing energy instead of dissipating it. If 

given a proper chance, this stored energy may be returned back to a power source. 

This can be achieved by introducing an inductor in the circuit. Thus the RC system is 

modified into an RLC circuit as shown in the figure. 
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                  Fig  6.4(a)                                                          Fig 6.4(b) 

Fig 6.4 Modified Equivalent circuits by adding resonant components (a) during 

charging period (b) during discharging period[8] 

The circuit utilizes the natural resonance between Lr and Cin to reduce the gate drive 

loss. Resonance can be present in any RLC circuit so long as Zo>> Rg,  

                                                           √
  

   
                                             (6.1) 

As Rg is the only damping component in the resonant circuit, if it is not small enough 

then exponential waveforms will be formed instead of sinusoidal.The waveforms for 

resonance are shown below: 

 

Fig 6.5(a) Resonant waveform during charging period[8] 
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Fig 6.5(b) Resonant waveform during discharging period[8] 

During the charging period Vg fluctuates sinusoidally around the centre level of Vgate. 

And the current fluctuates sinusoidally around zero. 

During the discharging period Vg fluctuates sinusoidally around zero and so does the 

current. To make use them, the natural resonance needs to be stopped at some point to 

control the gate drive timing i.e. when Vg goes to Vgate (during charging). If Vg is 

allowed to rise beyond Vgate, then the inductor current begins to fall down and less 

magnetic energy will be stored. [8] 

During discharging the resonance needs to be stopped when Vg goes to zero. If Vg is 

allowed to fall below zero, the current also begins to fall, releasing some of its 

magnetic energy. 

The energy stored by the inductor is given as: 

                                                                   
    

 

 
                                                          (6.2) 

This energy needs to be returned back to the power supply in order to minimize the 

conduction loss. By adding two diodes across the gate of the MOSFET the upper and 

the lower level of Vg can be clamped and natural resonance can be achieved. Also, 

these two diodes provide a channel for returning the magnetic energy in the inductor. 

The resonant gate drive circuit is shown in the fig. 
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Fig 6.6 Resonant Gate Driver [8] 

The diodes D1 and D2 help clamp the value of Vg. Lr is the resonant inductor added to 

recover some portion of the energy. D1 and D2 also provide the return path to the 

power supply. Also Q1 and Q2 have their own control signals. 

 

6.4 Resonant Gate Driver Circuit Operation 

 The circuit operation is divided into several continuous phases from t0-t8. 

 

                               Fig 6.7 Resonant gate driver circuit key waveforms [8] 

 

Time Interval 1 (t0-t2): The first phase is defined from time t0 to time t2. Before this 

Q1 and Q2 are both off and the initial levels of Vgs and ILr are both zero. At time t0, 

the controls ignal at the gate of Q1 goes high. A resonance starts to build up among 
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the voltage source Vgate, the driving switch Q1, the resonant inductor Lr, and the 

input capacitor Cin. Because of this resonance both Vgs and ILr begin to rise 

sinusoidally. At time t2 signal at the gate of Q1 goes low,Vgs goes to Vgate and ILr  

reaches its peak at  

                                                             
     

  
                                             (6.3) 

Zo is the characteristic impedance of Lr and Cin and is given by 

                                                             √
  

   
                                            (6.4) 

The rise time tr is considered to be 1/4
th

 of the time period T. 

                                                                   
 

 
                                            (6.5) 

                                                              
 

 
 

  

  
                                       (6.6) 

                                                                         
 

√      
                                               (6.7) 

 

Time Interval 2 (t2-t3): At time t2 Vgs reaches Vgate. Vgs could go even higher, 

however the clamping diode D1 will prevent it from rising higher. No current flows 

into Cin and the inductor current will start “freewheeling” through D1, Q1 and Lr. As 

soon as ILr starts freewheeling at t2, Q1 is turner=d off. Now the inductor current 

flowes from DQ2, Lr and D1, and back to the voltage source Vgate.  At time t3, Lr 

discharges to zero and Vgs stays at Vgate. Thus all the magnetic energy stored by Lr is 

returned back to the voltage source Vgate. [8] 

 

 

Time Interval 3 (t3-t4):  During this period ILr will stay at zero, Vgs will stay at Vgate 

and the power mosfet will be continuosly on. [8] 



Texas Tech University, Purvi Patni, December 2012. 

35 

 

 

Time Interval 4 (t4-t6): At time t4 the control signal at the gate of Q2 goes high. As 

soon as Q2 is turned on at time t4, a resonance will build up among Cin, Lr, and Q2. . 

And because of this resonance, both ILr and Vgs will go down sinusoidally. When 

Vgs goes to zero at time t6, ILr reaches its negative peak level and the absolute value 

of this peak is 

                                                                             
     

  
                                               (6.8) 

The fall time tf is also 1/4
th

 of the time period T. During this phase of operation, 

capacitor voltage Vgs is discharged from Vgate to zero.  [8] 

 

Time Interval 5 (t6-t7): At t6 Vg goes to zero. According to natural resonance it could 

go even lower but diode D2 clamps it to zero. The inductor current then starts 

freewheeling at t6 and Q2 is turned off. . Given that there is still current going through 

Lr, this current will flow from D2, through Lr and DQ1 (the body diode of Q1), and 

back to the voltage source Vgate. from D2, through Lr and DQ1 (the body diode of 

Q1), and back to the voltage source Vgate. With the voltage across it reverse biased, 

current ILr will be linearly discharged, until it goes to zero at time t7.The capacitor 

voltage stays at zero during this time. [8] 

 

Time Interval 6 (t7-t8): At time t7 the inductor current ILr goes to zero. During the 

whole period from t7 to t8, both ILr and Vgs will stay at zero, and the power 

MOSFET will be continuously off. 

After time t8, all above operation repeats and enters a new cycle.[8] 
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6.5 Resonant Gate Driver Design and Output waveforms 

The Fig 6.8 shows the Resonant Gate driver designed PSPICE. A 200ns pulse 

is first used to turn on the transistor M1.Once the transistor is turned on the  current 

flows through M1 and the resonant inductor Lr to the gate of the transistor M3. This 

current charges the gate capacitance of M3. When the pulse goes low at the end of 

200ns, M1 turns off. During this time the gate capacitance of M3 will hold the charge. 

The current through the inductor will return to the source via the diode D1. 

Now afte a delay of 580ns the second transistor M2 is turned with rising edge 

at the gate of M2. When M2 turns on the current flows of the gate capacitance of M3 

and flows through the inductor and M2 to ground. Thus the gate capacitance of M3 

gets discharged. When M2 is turned off at the end of 200ns, the gate capacitance of 

M3 stays at zero.  

In order to obtain a pulse width modulated output of 1us at the gate of the 

switching mosfet a pulse width of 200ns was selected for the two transistors at the 

input of the driver. The second transistor is turned on after a delay of 580ns. 

The Inductor value selected was 100nH using the equation: 

                                                       
 

   
(
  

  
)                                           (6.9) 

Where, Lr is the resonant Inductor 

Cin is the gate capacitance of M3 

f is the frequency of the desired pwm at the gate of M3 
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Fig 6.8 Resonant Gate Driver simulated in PSPICE 

 

The Fig 6.9 shows the pwm output at the gate of the transistor M3. The output is a 1us 

pulse that goes from 0.5V to 7V. 

 

Fig 6.9 Resonant Gate Driver output simulated in PSPICE 
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The Fig 6.10 shows the schematic of the Resonant gate driver design in 

cadence.   The input voltage is 10V and 200ns pulse going from 0V to 10V is used to 

drive the transistors M1 and M2. M4 and M5 are diode connected MOSFETS used as 

a return path for the energy to be returned to the source. MOSFETS in diode 

connection are used instead of diodes for future sizing of the transistors to make them 

on chip. M6 and M7 are also MOSFETS in diode connection. They are used to clamp 

the voltage of the transistors M1 and M2 to less than 10V. Resonance can cause the 

voltage to increase above the supply voltage resulting in loss of energy. Hence it is 

important to have the clamping diodes. An external capacitance is also connect at the 

gate of M3 to charge the gate to the desired level. 

 

 

Fig 6.10 Resonant Gate Driver schematic in cadence 
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The Fig 6.11 shows the gate driver output. .The output goes from 3V to 6V. 

Ideally the output waveform should start from zero. But due less time to discharge, it 

starts from 3V. The pulse width of the output is 1us i.e. 1MHz frequency. 

 

Fig 6.11 Gate Driver output Voltage of 6.1V simulated in Cadence  

The Fig 6.12 shows the charging and discharging current of the gate driver. 

The current goes from -90mA to 191mA for both charging and discharging cycles. 

The charging and discharging current flows only when the transistors M1 and M2 are 

on respectively and remains zero for the rest of the time.  

 

Fig 6.12 Gate Driver output current switching from -90mA to 191mA simulated in 

Cadence 
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CHAPTER VII 

RESONANT CONVERTERS 

 

 

7.1 Introduction to Resonant Converters 

In today’s world the demand for compact portable devices is rapidly 

increasing. Smaller, thinner light weight and longer hours of operation are the 

requirements for portable devices. It is therefore extremely important to shrink the size 

of power devices as well. Power On-chip focuses on reducing the size of 

electromagnetic power passives (Inductors and Capacitors) used for filtering. This can 

be achieved by increasing the frequency of operation. The frequency of operation is 

inversely proportional to size of the passive components and is thus possible to shrink 

their size. Reducing the size of circuit magnetic’s and capacitors also leads to cheaper 

and more compact circuits. The Power system comprises of a Multi- Resonant Buck 

(to minimize switching losses) driven by a resonant gate driver (to conserve energy 

instead of dissipating it) and a Pulse width modulator.[9] 

In switch mode operation switches are subjected to high switching stresses and 

high switching losses as they turn on and off the entire load current. In order to realize 

high switching frequencies these switching can be made to turn on and off at either 

zero current or zero voltage thus minimizing the switching losses. Use of resonant 

converters can help increase the switching frequency thus minimizing losses and 

reduce EMI. Also inductors such as the transformer leakage inductance and capacitors 

such as the switch output capacitance that acts as undesirable parasitic can be utilized 

to provide the resonant inductor and capacitor needed for the resonant switch. [9] 
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7.2 Types of Resonant Converters 

Resonant-Switch convertors can be divided into 2 switching categories:  

1. Zero current switching: In ZCS technique the switch turns on and off at zero 

current. However the peak switch voltage remains the same as its switch mode 

counterpart. 

i) Quasi-Resonant Current Switching Converters 

ii) Multi Resonant Current Switching Converters 

2. Zero Voltage Switching: In ZVS technique the switch turns on and off at zero 

voltage, however the peak switch current remains the same as its switch mode 

counterpart.  

i) Quasi-Resonant Voltage Switching Converters 

ii) Multi Resonant Voltage Switching Converters 

 

7.3 Zero current switched Quasi Resonant Converters 

In Zero Current quasi Resonant switch the inductor is connected in series with 

the active switch and the capacitor is connected in parallel with the diode. The LC 

resonant current flowing through the switch causes it to turn on and off at zero current. 

The figure below shows a ZCS Quasi Resonant Buck Converter and it equivalent 

circuit.[9] 

 

 

 

 

 

                                                                    

                         Fig 7.1 Zero Current Switched Quasi Resonant Buck Converter[9] 
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Circuit Operation: Before the switch is turned on the load current Io, freewheels 

through the diode D. The voltage across the capacitor  is Vd. The operation of the 

circuit can be divided into four time intervals as shown in the figure. [9] 

 

Fig 7.2 ZCS QRC Theoretical waveforms[9] 

a) Time Interval 1 (to-t1): At t0 the switch is turned on. As It flowing through the 

switch is less than Io, the diode D keeps  conducting and the current Io flows 

through the diode. The capacitor voltage stays at Vd. As the current flows 

through the diode, it appears as a short circuit and the entire input voltage Vd 

appears across the inductor Lr. The switch current increases linearly and at 

time t2, It becomes equal to Io. At this point the diode turns off. Now L and C 

for a parallel resonant circuit. [9] 

 

Fig 7.2(a) Equivalent Circuit during time interval t0 – t1[9] 

b) Time interval 2 (t1-t2):  beyond t1, It>Io and the excess current It-Io flows 

through the capacitor Cr across the diode. It peaks at t1’ and Vc=Vd.  The 

switch current the gradually starts dropping from its peak value to Io and the 

capacitor voltage reaches 2Vd at t1”. At t2 the switch current drops to zero. 
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The diode connected in series with the switch prevents the reverse flow of 

current through the switch. The gate drive should be removed at this point.[9] 

 

Fig 7.2(b) Equivalent circuit during time interval t1 – t2[9] 

 

c) Time Interval 3 (t2-t3): Beyond t2 the capacitor discharges through the load 

and the capacitor voltage returns to zero. 

 

Fig 7.2(c) Equivalent circuit during time interval t2 – t3[9] 

d) Time interval 4 (t3-t4): Beyond t3 the load current freewheels through the 

diode till time t4 when the switch is turned on. [9] 

 

Fig 7.2(d) Equivalent circuit during time interval t3 – t4[9] 

The natural resonance frequency is given as fr = 1/(√Lr.Cr). 

The load current Io must be less than a maximum value of Vd/Zo. Otherwise, the 

switch would have to turn off a finite amount of current. 

Thus the LC resonance allows for allows for zero current turn on and turn off of 

the switch, but at full input voltage. Also the capacitor connected across the diode 
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provides favorable switching condition for the diode allowing the voltage to 

gradually increase and decrease, which is not the same for the switch. [9] 

 

7.4 Zero Voltage Switched Quasi Resonant Converters 

In Zero Voltage switched Quasi Resonant converters the capacitor is connected in 

parallel to the switch while the inductor is connected in series with the diode. In 

the circuit the resonant capacitor produces a zero voltage across the switch during 

turn on an turn off of the switch.[9] 

Initially the current Io flows through the switch and the capacitor voltage Vc = 0. 

The operation of the circuit can be divided into 4 parts as shown in the figure. 

 

Fig 7.4 ZVS QRC Theoretical Waveforms[9] 

a) Time interval 1 (t0-t1):  At time to the switch is turned off. Because of the 

capacitor connected across the switch, the voltage builds up gradually and 

linearly to Vd at t1,  resulting in zero voltage turn on. 
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Fig 7.4(a) Equivalent Circuit during time interval t0 – t1[9] 

b) Time interval 2 (t1-t2):  Beyond t1 Vc becomes greater than Vd and the 

diode D turns on. Lr and Cr form a series resonant circuit. At t1’, the 

inductor current IL goes to zero and Vc reaches its peak at Vd+ZoIo. 

Beyond t1’, IL goes negative and Vc decreases. At t1”, Vc=Vd and IL=(-

Io). At t2, the capacitor voltage reaches zero and cannot reverse its polarity 

as the diode Ds starts conducting. 

 

Fig 7.4(b) Equivalent Circuit during time interval t1 – t2[9] 

c) Time interval 3 ( t2 and t3)' Beyond t1” the capacitor voltage is clamped to 

zero by D" which conducts the negative iL .Once the switch is turned on, 

IL increases linearly and goes through zero at time t2. IL then begins to 

flow through the switch. Therefore, the switch turns on at a zero voltage 

and zero current increases linearly to Io at t3. 

 

Fig 7.4(c) Equivalent Circuit during time interval t2 – t3 [9] 
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d) Time inlerval4 (between t3 and t4). At t3 when IL reaches Io the diode D 

turns off. The switch conducts Io as long as it is kept on until t4. At t4, the 

switch is turned off and the next cycle begins. 

 

Fig 7.4(d) Equivalent Circuit during time interval t3 – t4[9] 

 

The Fig 7.5 shows a Zero Voltage Switched Quasi Resonant Converter 

simulated in PSPICE. The converter was designed to step down the voltage 

from 5V to 3V at 1MHz frequency. When the transistor turns off the 

voltage across the transistor builds up gradually due to the capacitor C1. A 

resonance builds up between the inductor Lr and the capacitor C1such that 

the volatage across the switch is at its peak when the current through it is 

zero. This minimizes the switching loss for the switch. 

However the switching for the diode is not so smooth and still 

undergoes hard switching..When the switch turns on and the diode the 

turns off the voltage across the diode suddenly increases resulting in high 

switching losses for the diode. Therefore a Quasi Resonant converter 

reduces the turn off losses but increases the turn on losses.   

The Resonant capacitor and Inductor C1 and Lr are selected using the 

equations 7.7 through 7.15.  
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                  Fig 7.5 ZVS QRC Schematic in PSPICE 

 

The table 7.1 shows the inductor and capacitor values for the designed circuit. 

 

Table 7.1 Component values for the designed ZVS QRC 
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The Fig 7.6 shows the ZVS QRC output voltage and current.  An output voltage of 

2.76V and a current of 276mA.  

 

Fig 7.6 ZVS QRC Output Voltage and Current 

The Fig 7.7 shows the voltage and current switching waveforms. Vs is the 

switching voltage and Is is the switching current. As we see the turn off loss is 

minimized but the turn on loss is considerable. 

 

Fig 7.7 ZVS QRC Switching Waveforms 
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The Table 7.2 shows the results for the QRC Buck. The ZVS QRC Buck gives an 

efficiency of 55% at 1MHz switching frequency. The turn on loss is very high and 

hence we use a Multi Resonant converter which helps minimize the turn on as well as 

the turn off loss. 

 

Table 7.2 Simulated ZVS QRC outputs 

 

 

7.5 Comparison of ZCS and ZVS QRC 

In the ZCS, the switch is required to conduct a peak current that is higher than 

the load current Io by an amount Vd/Zo. For natural turn-off of the switch at zero 

current, the load current Io must not exceed V d/Zo. Therefore, there is a limit on how 

low the load resistance can become. By placing a diode in antiparallel with the switch, 

the output voltage can be made insensitive to the load variations. 

 In the ZVS topology discussed here, the switch is required to withstand a 

forward voltage that is higher than Vd.  For zero-voltage (lossless) turn-on of the 

switch, the load current Io must be greater than Vd/Zo. Therefore, if the output load 
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current Io varies in a wide range, then the foregoing two conditions result in a very 

large voltage rating of the switch.[9] 

 ZVS is preferable over ZCS at high switching frequencies. The reason has to 

do with the internal capacitances of the switch. When the switch turns on at zero 

current but at a finite voltage, the charge on the internal capacitances is dissipated in 

the switch. This loss becomes significant at very high switching frequencies. 

However, no such loss occurs if the switch turns on at a zero voltage.[9] 

However ZVS QRC’s suffer from excessive voltage stress. Also the operation 

is adversely affected by the undesired switching conditions created for the rectifying 

diode. As seen immediately after the diode current reduces to zero, voltage applied to 

the diode changes abruptly from zero to Vd. Such an abrupt voltage change induces 

parasitic oscillations between the resonant inductor and diode capacitance. 

Zero-voltage-switched Multiresonant converters are capable of high-frequency 

high-efficiency operation superior to that of QRC’s.[9] 

 

7.6 Multi Resonant Converters 

As seen before the Zero Current and Zero Voltage Quasi Resonant converters 

create favourable switching conditions for either the active switch or for the diode but 

not for both. Multi Resonant Converters offer a solution providing favourable 

switching conditions for both thus minimizing switching losses with improved 

stability. In the zero-current Multiresonant switch, the resonant circuit is formed in a 

T- network with resonant inductors in series with the switch and capacitor in parallel 

with the diode. In the zero voltage Multiresonant switch, the resonant circuit is formed 

in a π- network with resonant capacitors in parallelwith the switch and inductor in 

series with the diode. [9] 

The ZVS MRC is more advantageous than ZCS MRC at high frequencies. In this 

topology, the parasitic output capacitance of the power MOSFET and the junction 
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capacitance of the rectifying diode are absorbed by the resonant network, resulting in 

desirable zero-voltage switching of both switching devices. 

  

                                                    (a)                              (b) 

Fig 7.8 Multi Resonant Switches – (a) Zero Current (b) Zero Voltage[9] 

 

Operation: During the operation of a multiresonant converter, a multiresonant switch 

forms three different resonant circuits, depending on whether the active switch and 

diode are open or closed [9]. 

Time Interval 1: During this period the switch starts conducting, the resonant inductor 

current is less than Io and the differential current (Io - iL) to flows through the 

rectifying diode D. The resonant-inductor current and the resonant-capacitor voltages 

are 

i = (Vin/L).t + i(t0) 

vs =  0 

vd = 0 

 

Time Interval 2: When the resonant Inductor current reaches Io the diode D turns off 

and the resonance of Lr and Cd begins. The voltage across the capacitor gradually 

increases resulting in zero voltage turn off of the diode. The inductor current and 

capacitor voltage during this period are given as follows. 
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Time Interval 3: Now when the switch is turned off all the resonant components form 

a resonant circuit. The capacitor Cd slowly discharges and the voltage across it 

decreases. The resonant current and voltages are given as follows. 

Time Interval 4: The previous stage ends with the capacitor Cd discharges and the 

diode d turns on. Now the resonant inductor and the capacitor for a series resonant 

circuit. The inductor current gradually decreases and the voltage across the capacitor 

builds up resulting in zero voltage turn off. The inductor current crosses zero and the 

capacitor voltage reaches the peak and then starts to decrease till it reaches zero. The 

diode in series with the switch prevents the capacitor voltage from going negative. 

Time Interval 5: The switch turns on when the gate drive is given to the switch.  Once 

the switch is turned on, IL increases linearly and then begins to flow through the 

switch. Therefore, the switch turns on at a zero voltage and zero current increases 

linearly to Io. 

 

7.7 Calculations 

Vi = 5V, Vo = 3V, D= 0.3, R=10ohm, fsw = 1MHz 

For Buck Circuit: 

D = Vo/Vi = 0.3                                                                                              (7.1) 

Assume efficiency 90% 

Vo.Io = E.(Vin.Iin)                                                                                         (7.2) 

Iin = 0.2A                                                                                                      (7.3) 

Io = D.Ts(Vd-Vo)/2Lf                                                                                     (7.4) 

L= 2uH                                                                                                          (7.5) 

Cf = Ts. Vo(1-D)/8.Vripple.Lf                                                                           (7.6) 

Cf =  1uF                                                                                                         
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For Resonant circuit: 

1)    Zo = (Lr/Cr)
1/2

                                                                                         (7.7) 

Also (Zo)(Io)> Vd                                                                                            (7.8) 

Zo >  16.67                                                                                                     (7.9) 

 

2)  Also for zero voltage turn on r<=D 

r <= 0.6                                                                                                        (7.10) 

3)  r = Rl/ Zo = 10/16.67                                                                              (7.11) 

R = 0.59 

Take Zo = 18, r = 0.55 

5) fr = 3(1+ π) fsmax /(4π (1- Dmin))                                                              (7.12) 

fr = 1.89MHz 

 

6) Lr = Zo/(2π fr)                                                                                          (7.13) 

     Lr = 1.5uH 

Lf = 2u,  Lr < Lf   (condition satisfied)                                                        (7.14) 

 

7) Cr1= 1/(2π.fr.Zo)                                                                                     (7.15) 

Cr1= 8.42nF 

 

8) Cr2/Cr1 > 1                                                                                               (7.16) 

Take Cr2 = 30nF. 

Where, D: Duty Cycle 
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E: Efficiency 

Ts: switching period 

Vripple: Output Voltage ripple 

Lf: Filter Inductor 

Cf: Filter Capacitor 

Lr: Resonant Inductor 

Cr1: Resonant capacitor across the switch 

Cr2: Resonant Capacitor across the diode 

Fs: switching frequency 

Fr: Resonant frequency 

 

7.8 ZVS MRC Design and Results: 

The Fig 7.9 show the schematic of a ZVS MRC designed in PSPICE. The capacitor 

C2 across the diode allows soft switching of the diode. When the switch is on, the 

voltage across the capacitor increases gradually. A resonance builds up between the 

resonant inductor Lr and the capacitor C2, such that the voltage across the diode is 

maximum when the current is zero. This helps reduce the switching loss. 

When the switch is turned off a resonance begins build up across the capacitor C1 and 

the inductor Lr. As discussed in Quasi resonant converters the switching loss is 

minimized as the overlap between the switching voltage and current is reduced.  
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Fig 7.9 ZVS MRC Simulated in PSPICE 

 

The Table 7.3 shows the values of the components selected and used for the design. 

The resonant inductor an capacitor values were calculated using the equation 7.7 

through 7.16. 

Table 7.3 Component values for the designed ZVS MRC 
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The Fig 7.10 shows the output voltage and current of the ZVS MRC circuit. An output 

voltage of 3.3V and an output current of 310mA was obtained. 

  

Fig 7.10 ZVS MRC output Voltage and Current simulated in PSPICE 

 

The Figure 7.11 shows the voltage and current switching waveforms of the ZVS MRC 

switch. As seen the turn on as well as the turn off loss is minimized using the MRC. 

Here Vs is the switching voltage across the transistor switch and Is is the switching 

current. 

 

Fig 7.11 ZVS MRC switching waveforms 
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The table shows the ZVS MRC outputs. The ZVS MRC gives an efficiency of 82% as 

compared to the QRC that gives an efficiency of 55%. The turn on and turn off losses 

are also minimized to a large extent. 

Table 7.4 Simulated ZVS MRC Outputs 

 

 

The table 7.4 gives a comparison of the results of a conventional Buck converter, ZVS 

QRC Buck converter   and a ZVS MRC Buck converter. Comparing the results we 

find that at a frequency of 1MHz the ZVS MRC gives the best efficiency with lowest 

switching losses.  
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Table 7.4 Comparison of Conventional Buck, ZVS QRC and ZVS MRC 

 

 

As discussed previously the ZVS MRC provides the best efficiency at high 

frequencies with very low switching losses . Therefore for our system we go ahead 

with the ZVS MRC Buck converter. 

The Fig 7.12 shows the ZVS MRC Buck converter designed in cadence. The values of 

the components are the same as used for the spice simulations. Instead of a diode we 

use a MOSFET in diode connection. The transistor W/L ratio for the switch 

49.05/1.05. The transistor W/L was selected such that it goes into saturation above 5V 

input and is off below 5V. 

The ZVS MRC Buck converter is designed to step down the voltage from 5V to 3V at 

a frequency of 1MHz and a duty cycle of 0.6.  
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Fig 7.12 ZVS MRC schematic in Cadence 

 

For the system designed in cadence an output of 2.49V was obtained and a current of 

249mA. As compared to PSPICE the output voltage is lower. This could be due to the 

transistor W/L ratios selected and could be improved. 

 

Fig 7.13 ZVS MRC output Voltage simulated in cadence 
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Fig 7.14 ZVS MRC Output Current simulated in Cadence 
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CHAPTER VIII 

INTEGRATED DC TO DC CONVERTER SYSTEM 

 

 

The Fig 8.1 shows the integration of the dc to dc converter system. The first block 

consists of the two comparators. They provide the 200ns pulses for the transistor of the 

gate driver. The gate driver output is then connected to the gate of the transistor switch 

of the Buck converter.  

 

  

Fig 8.1Integrated DC to DC converter system  
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The comparators use a supple voltage of 15V and thus give a pulse width modulated 

output from 0V to 15V with a pulse width of 200ns. There is a 580ns dealy between 

the two pulses in order to get output pulses of 1us. 

 

 

Fig 8.2 PWM output after integration 

 

The gate driver uses a 10V supply. The output of the comparator is used to switch the 

transistors to alternately charge an discharge the gate of the buck switch. The charging 

and discharging transistors are on for 200ns each with a delay of 580ns between them. 

The output goes from 2.4V to 7.2V with a pulse width of 1us. Ideally the output 

should start from zero, however due to small discharge time, it only discharges till 

2.5V.  
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 Fig 8.3 Gate Driver output after integration 

 

The output of the gate driver is give to the gate of the buck switch. The Buck switch is 

designed to step down the voltage from 5V to 3V at a frequency of 1MHz. The output 

of the Buck converter after integration is 2.49V with an output current of 249mA.Thw 

switching losses are as follows: 

Turn on loss: 0.01W 

Turn off loss: 0.04W 

 

Fig 8.4 Buck output after integration 
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CHAPTER IX 

CONCLUSION AND FUTURE WORK 

 

9.1 Conclusion: 

The receiver end of the wireless power transmission system was designed consisting 

of two major systems: the Ac to Dc rectification system and the Dc to Dc converter 

system. 

 The Ac to Dc rectification system consisting of the Full Bridge Rectifier and the 

Shunt regulator was designed. The Full Bridge rectifier gives a dc output from the 

incoming ac signal with some ripple. The shunt regulator due to its inherent resistance 

to fluctuations gives a stable output. The full bridge rectifier gives output of 8V dc 

when given a 12Vpp input. Once the complete system is designed the bridge rectifier 

will receive input from the receiver coil and rectify it to give a dc ouput. 

The Shunt regulator system receives the input from the bridge rectifier to give a ripple 

free stable dc output. The shunt regulator was given a test input of 1Vpp from 8V to 

8.1V to give an output of 7.43V with a ripple of 0.6V. 

The Dc to Dc rectification system was designed consisting of a Multi Resonant 

converter. A conventional Buck converter, Quasi Resonant Buck converter and a 

Multi Resonant Buck converter were designed and simulated using Pspice. Comparing 

the results for all three the Multi Resonant converter was found to have the minimum 

switching losses and highest efficiency at 1MHz and hence was chosen for the circuit 

design. The Multi Resonant converter given an input voltage of 5V gave a output 

voltage of 3.3V with an efficiency of 82% and switching losses below 0.05W.  

A Resonant gate driver was designed to drive the switch of the Buck converter. The 

resonant Buck converter helps minimize the shoot-through which occurs using a 

conventional gate driver by using two NMOS instead of a PMOS and NMOS pair. 

Also the use of the inductor instead of a resistor minimizes the power dissipation. The 

diodes provide a path to return the energy from the inductor to the supply. The gate 

driver. The gate driver output switches from 3V to 6V and the current goes from -

90mA to 191mA. 
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A comparator was designed which provides the required pulses in order to drive the 

gate driver. A two stage Opamp in open loop condition was used for the comparator. 

A triangular wave 5Vpp was give to the inverting end and a reference voltage of 3.6V 

was given to the non inverting end. The output of the comparator was 14Vpp. 

 

 

 9.2 Future Work:  

The final goal is to design a wireless power transmission system. A part of the  

receiver end of the system was designed in this thesis.  

The Future goals for the receiver end would be to design a feed back loop for the 

buck converter.  The designed system has off chip values and so the next step 

would be to further reduce the inductor and capacitor values and to reduce the W/L 

ratios of the transistors. Integration of the ac rectification system with the dc dc 

converter system along with the layout and tape out needs to be done. That will 

complete the receiver end of the power transmission system.  

The transmitter and the receiver coils needs to be designed.  Design and tape out of 

the transmitter chip needs to be done. Testing the whole system would be the last 

step to complete the project. 
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