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Abstract 

Switching mode DC/DC converters are critical building blocks in portable devices and 

hence their power efficiency, accuracy and cost are a major issue. The primary focus of this 

thesis is to address these critical issues. 

This thesis focuses on the different methods of feedback control loop which are employed 

in the switching mode DC/DC converters such as voltage mode control and current mode 

control. It also discusses about the structure of buck converter and tries to find an efficient 

solution for stepping-down the DC voltage level in ultra-low power applications. Based on 

this analysis, a 20 MHz voltage mode DC/DC buck converter with an on-chip compensated 

error amplifier in 65 nm CMOS process is designed and implemented. 

The power efficiency has been improved by sizing the power switches to have a low 

parasitic output and gate capacitances to reduce the capacitive and gate-drive losses. Also 

the error amplifier biasing current is chosen a small value (12.5 µA) to reduce the power 

dissipations in the control loop of the system. The maximum 84% power efficiency is 

achieved at 1.1 V to 500 mV conversion, above 81% efficiency can be achieved at load 

current from 0.5 mA to 1.26 mA. Due to wide bandwidth error amplifier and proper 

compensation network the fast transient response with settling time around 45 µs is 

achieved. 
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Chapter 1 

Introduction 

1.1 Background 

DC/DC converters/regulators form the Backbone of different portable electronic devices 

like cellular phones, laptops, MP3 players which are using batteries as their power supply. 

Portable devices usually comprise of several sub-circuits that should be supplied with 

different voltage levels, which are not the same as battery’s voltage level which is the main 

supply voltage.  

 

Employing DC/DC converters can be offered as a method to generate multiple voltage 

levels from a single DC supply voltage to feed the different sub-circuits in the device. This 

method of generating multiple voltage levels from a single battery source can reduce the 

device area substantially [26]. On the other hand DC voltage provided by battery or rectifier 

contains high voltage ripples and it is not constant enough, thus it is not applicable for most 

devices. DC/DC regulators are employed to attenuate the ripples regardless of change in the 

load current or input voltage [1]. 

 

Figure 1.1 depicts the block diagram of a general DC/DC regulator which contains two 

main blocks; power processor and feedback control part. The feedback control part senses 

the output voltage and adjusts the power transfer by generating corrective control signals to 

keep the output voltage constant. 

Power 
processor

Feedback 
conroller

Load
Input power Output power

Control 
signal

Reference voltage

Vout

Iout

Vin

Iin

 

Figure 1.1 Block diagram of DC/DC regulator [2] 
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1.2 Objective 

In this thesis different methods for regulating DC voltage are studied and a DC/DC buck 

converter for ultra-low power applications is implemented in 65 nm CMOS technology 

with switching frequency    =20 MHz, input voltage 1.1 V and output voltage 500 mV.  

The main goal of this project is to first study about the switching mode power supplies 

(SMPS) and different controlling methods which are used nowadays in the circuit of SMPS, 

then implement a buck converter and try to enhance the buck converter’s power efficiency. 

Scaling down the passive components like inductor’s size without sacrificing the system’s 

overall performance is another purpose of this thesis.   

1.3 Thesis outline 

The rest chapters of the thesis are organized as follows: 

Chapter 2 discusses on the different DC to DC conversion methods and illustrates their 

architectures. 

Chapter 3 explains the structure of DC/DC buck converter and describes the different parts 

of the converter’s circuit.  

Chapter 4 discusses about the practical issues involved in designing a buck converter such 

as power efficiency, duty cycle and stability criteria. It also describes different control 

methods like Voltage Mode Control, Current Mode Control, Pulse Width Modulation and 

Pulse Frequency Modulation techniques which are used for regulating output voltage. 

Chapter 5 shows the implementation and performance evaluation of a buck converter. 

Finally chapter 6 presents conclusions on this thesis work and discusses about future work. 
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Chapter 2 

DC/DC Conversion methods 

SMPS and linear regulators are two main methods which are employed to convert an 

unregulated DC voltage to a regulated DC level, regardless of changes in load current and 

input voltage. In this chapter we will discuss different methods of DC/DC conversion and 

explain their advantages and drawbacks.  

2.1 Linear regulator 

Linear regulator is a type of power supply which instead of using switches, employs voltage 

divider network for adjusting output voltage. Figure 2.1 shows the block diagram of a linear 

regulator which includes two main parts:  

1) The regulating part that is a simple variable resistance (usually transistor which 

operates in linear region) in series with the output load to adjust output voltage [4].  

Rv

Vin

+

RL

-

Vo

 

 

Vc

Feedback 
controller 

Is

 

Figure 2.1 Linear regulator diagram [25] 

2) As shown in Figure 2.2, the control part is a VCCS (voltage controlled current 

source) which senses the output voltage    and regulates the current source    to 

keep the output voltage equal to the set reference value      [5]. 

Feedback 
control circuit

RL Vo

+

-

IsVin

Vref

VCCS Sense 

point

 

Figure 2.2 Typical linear regulator [5] 
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Unlike the switching-mode power supply, the linear regulator operates continuously, thus 

its efficiency is less than switching regulator and it produces much more heat comparison to 

SMPS. For example let’s assume that the input voltage and current of a linear regulator are 

respectively 5v and 5A and we need 2v at the output. This demands the linear regulator to 

dissipate 3v   5A=15w power across the variable resistance as heat to regulate output 

voltage and hence a large volume heat-sink would be required to reduce the circuit’s 

temperature. Whenever the difference between the input and output voltage is larger, the 

more heat is produced, which must be dissipated with bulky and expensive heat-sinks. 

2.2 SMPS (Switching-Mode Power Supply) 

Switching-mode power supply which is also called as switching-mode DC to DC converter 

is a type of power supply which uses switches (usually in the form of transistor) and low 

loss components such as inductors, capacitors and transformers for regulating output 

voltage [3]. The circuit of SMPS consists of two main parts: power stage and control part. 

Nowadays most of the work is done on control part for better regulation of output voltage, 

whereas the power part has not undergone many changes. 

Usually MOSFET is used as a power switch in SMPS for stabilizing output voltage. The 

switches are not conducted continuously and they operate under specific frequency, 

therefore they are useful for conservation of battery life and reduction of the power loss in 

the circuit. 

Depending on the structure of SMPS, it can be used for stepping down or up of DC input 

voltage. The switching-mode power supply usually consists of a low pass filter at the output 

stage for suppressing the ripples due to switching otherwise huge ripples will appear at the 

both output voltage and current. Figure 2.3 illustrates the block diagram of a typical 

switching-mode power supply. 

L

CVin RL

S1

+

-

Vo

S2

Switch

 

Figure 2.3 Switching-mode power supply 
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2.3 Switching regulator vs. linear regulator 

The following reasons vividly demonstrate why the switching regulator is the only 

reasonable choice compared with a linear regulator: 

 Higher Power efficiency 

Linear regulator uses voltage drop across series passive element to regulate output voltage. 

Therefore excess power is dissipated in the form of heat which requires a large volume 

heat-sink to reduce the circuit’s temperature; whereas SMPS uses switching technique to 

suppress the extra power. Since the switches are not continuously conducted (depends on 

the switching duty cycle), it losses much less power comparison to linear regulator. 

The Power efficiency in both SMPS and linear regulator is expressed in equation 2.1: 

  
    
   

 
         
       

                                                        

Where      is the output power,     is the input power,      is the output voltage,      is the 

load current,     is the input supply voltage and     is the input current. Since in the linear 

regulators input current and output current have the same value (      =    ) therefore “Eq. 

2.1” can be simplified to “Eq.2.2” for a linear regulator  

   
    
   

                                                                  

Based on equation 2.2, we can easily find that the efficiency of a linear regulator is directly 

related to the power drop across its variable resistance. Therefore whenever the difference 

between input and output voltage is high the efficiency of linear regulators can be 

significantly reduced which means reduction in battery life for any application [30]. 

 Versatility 

The energy stored by the output inductor of a SMPS can be transformed to output voltage, 

which can be greater than input voltage (stepped-up), or lower than input voltage (stepped-

down) or even converted to a negative voltage; however the linear regulator is only able to 

step-down the dc voltage level. 

SMPS drawbacks 

Of course, SMPS is not without its drawbacks; although the size and weight of the 

switching-mode power supply is smaller than linear regulator but it requires a more 

complicated feedback control loop compared to linear regulator for energy management. 

This causes increase in overall cost of the power supply and makes it more expensive than 

linear one.  

The main concern in the switching-mode power supply is Electromagnetic Interference 

(EMI) noise caused by the fast transitions of current and voltage due to high frequency 
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switching. Rapid voltage changes at the inductor node leads to radiated electric fields, while 

fast-changing inductor current produces magnetic fields [30]. Output voltage ripples at the 

switching frequency is another issue which is needed to be filtered out with an extra LC 

filter. 
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Chapter 3 

DC/DC Buck converter 

3.1 Introduction 

Buck converter is a type of switching-mode power supply which is used for stepping-down 

DC voltage level. Switch controller block and power block are two main parts of buck 

converter’s circuit. “It can operate in Continuous Conduction Mode (CCM) or in 

Discontinuous Conduction Mode (DCM), depending on the waveform of the inductor 

current [1]”. Voltage Mode Control (VMC) and Current Mode Control (CMC) are two 

main methods to control switching. Both of these two methods can be applied with either 

PWM (Pulse width modulation) or PFM (pulse frequency modulation) techniques. The 

PFM is more efficient when the load current is too low. 

Figure 3.1 depicts the DC/DC buck converter circuit. As can be seen it is included a switch 

controller block, high side power switch   , low side power switch    , inductor L, output 

capacitor C, and load resistance   . 

L

CVin RL

S1

+

-

Vo
S2

Switch 
controller

 

Figure 3.1 Buck converter 

Usually P-channel MOSFET (PMOS) is preferred to be used as a high side switch (HSS) 

instead of NMOS, because if the NMOS is employed as a high side switch since both the 

gate and the source are connected to the voltage supply then it would be hard to drive it [1].  

The diode (which is used in conventional buck converters) is usually replaced by an n-

channel MOSFET (NMOS) as a low side switch to improve power efficiency of converter. 

Since voltage drop in conducted MOSFET is very low comparison to conducted diode 

(even from Schottky diode which has low forward voltage drop), the total power loss in 

DC/DC converter will be significantly reduced by this replacement. Figure 3.2 illustrates 

the schematic model of a generic buck converter. 
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Vo

L

C RL

+

-Switch controller

IL

Iout

VL+ -

Vref

Vsense

Vin

L
S

S

HSS

Q2

Q1

 

Figure 3.2 Buck converter schematic 

Procedure: 

When high side switch    is on, a path will be provided for the DC input voltage to charge 

the inductor and supplies the load current. Charging will continue till the output voltage 

reaches to reference voltage     , then the control part turns off the high side switch to keep 

the output voltage close to     . Therefore there is no path to charge inductor, and then 

inductor changes its voltage polarity and the current flows in the same direction through the 

low side switch    which is turned on by switch controller part. Discharging will continue 

until the output voltage reaches below of the reference voltage, then control part again turns 

on the high side MOSFET to compensate the output voltage drop and this cycle continues 

until complete regulation of output voltage [10]. 

This process is accomplished by sensing the output voltage of the circuit by means of a 

negative feedback loop which adjusts the duty cycle (Eq.3.1) to control on and off state of 

the MOSFET switches under specified frequency     [1].   

  
   
 

 
   

        
                                                               

Where     is the time interval that power MOSFET    conducts (on-state),      is the time 

interval that    is open (off-state), T is the period and     is the switching frequency. 

3.2 Description of different components of buck converter 

3.2.1 PWM switch controller  

The PWM generator is the major part in DC/DC converters. It controls the switches’ ON 

and OFF state to regulate the output voltage, in other words by changing the duty cycle tries 

to keep output voltage equal to set reference voltage. For example in a buck converter if the 

reference voltage      is set to low voltage the PWM generator reduces the duty cycle by 

holding on the HSS for a short time of every cycle. While the output reference voltage       

is high, the PWM generator increases the duty cycle by holding on the HSS for the most of 
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cycle to rectify the output voltage. Figure 3.3 shows the schematic model of a PWM buck 

converter. 

L

CVin RL

+

-

Vo

IL

Iout

VL

HSS

PWM 
controller

Vref

Vsense

LSS

 

Figure 3.3 PWM Buck converter schematic 

Architecture 

As shown in figure 3.4, PWM controller contains two main parts; voltage error-amplifier 

and voltage comparator. The error-amplifier compares the feedback voltage   (applied to 

inverting input) to reference voltage      (applied to non-inverting input) then their 

difference which is called voltage error signal    after amplification is applied to non-

inverting input of voltage comparator. Comparator compares this error voltage to sawtooth 

ramp      that is generated by ramp generator, if voltage    is higher than      output 

voltage of comparator goes high but when    is lower than       the output of comparator 

goes low to adjust the switching duty cycle. 

Vref (Desired Vo)

VF (Actual Vo)

+

-

+

-

Ramp 
generator

VE

PWM

Amplifier

Comparator
Vsaw

VC

 

Figure 3.4 PWM generator configuration [1] 

Error voltage    is inversely proportional to voltage reference     , for example when      

is low, error voltage    is increased by error amplifier to adjust the switching duty cycle. 

As can be seen in figure 3.5 when the error voltage is high the pulse width of PWM wave at 

the output of voltage comparator (  ) is increased to keep off High side switch (PMOS) for 

the most time of the each cycle in order to reduce duty cycle to regulate output voltage. 

Vice versa as shown in figure 3.6 when      is high error amplifier reduces    to keep on 

the HSS for a most time of each period in order to adjust output voltage [14]. 
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Figure 3.5 Duty cycle waveform when      is low 

 

Figure 3.6 Duty cycle waveform when      is high 

3.2.2 Power stage 

Power stage consists of several parts such as low and high side switches, gate-driver, output 

LC filter and the load. PMOS is used for high side switch and NMOS for Low side switch. 

    

t

t

t

  

 
  
  
  
  

  

        
on

off

0

0

0
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t
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0

0

0
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The power PMOS and NMOS are large enough to have lower drain-source on resistance 

(lower       ) to reduce switching power loss during conduction state.  

Driver is one of the major parts in DC/DC converter, it acts like current buffer and makes 

the PWM waveform (generated by voltage comparator) smoother to turn on and off the 

power PMOS and NMOS switches quickly to avoid energy dissipation during transition. 

Gate-driver can be included tapered chain of the inverters with a proper transistor sizing 

with respect to power switches size. 

The major issue in the designing driver is the power dissipation during transition signal, 

since the signal toggles between the inverters power loss is inevitable in the driver. Power 

dissipation in the power switches and gate-driver is considerable compared to other part of 

converter. Therefore designers always try to enhance the converter power efficiency by 

sizing of power MOSFETs and modification of the driver stages with some techniques in 

order to reduce the power consumption [15]. 

3.2.3 Inductor  

Output inductor in the Buck converter in addition to being a part of the low-pass filter for 

removing switching ripples from the output voltage, has two essential tasks:  

1) “Limiting the current slew rate through power switches” which yields limiting in 

the peak current. This action reduces power loss in the circuit [6]. 

Whatever the inductor size is larger the peak inductor current and its ripple will be reduced, 

which yields enhancement in the converter’s efficiency. But always there is a trade-off 

between the size of inductor and efficiency of DC/DC converter. On the other hand we 

have limitation for minimizing inductor size otherwise converter cannot work properly, for 

example the inductor current ripple will be increased which causes increase in power losses 

in the inductor and the power MOSFETs, therefore we can consider a boundary to select 

proper inductor size for having a higher efficiency and lower occupied area in the circuit. 

2) The main advantage of employing inductor in switching mode power supply is 

“Storing energy” [6].  

Due to 90 degree phase difference between the current and voltage through the inductor, 

energy can be saved during charging interval and then can be recovered in the discharging 

interval. This energy can be calculated in Joules by 

       
 

 
                                                                           

Where ‘I’ is the current through inductor and ‘L’ is the inductance value [6]. 

3.2.4 Capacitor 

Capacitor is employed at the output stage of buck converter to minimize the voltage ripple 

and overshoot appear across the load. The capacitor should be large enough to prevent 
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noticeable change in its voltage during discharging interval, so there is a limitation for 

minimizing the size of capacitor otherwise huge voltage ripple and overshoot will appear at 

the output stage. “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 [33].”  

 

The maximum allowed output voltage overshoot and ripple are usually part of buck 

converter’s design specifications. Therefore, to meet the ripple specification for a buck 

converter circuit, the output capacitor should be selected with a sufficient capacitance and 

low ESR. On the other hand choosing an output capacitor with very low ESR may cause 

instability in the buck converter’s system. In chapter 4 it will be discussed in more details 

that how ESR value can affect the stability of the converter’s system. 
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Chapter 4 

Practical issues of buck converter 

4.1 Power loss and efficiency  

The efficiency of DC/DC converter is always main concern which is considered by power 

designers. They try to use different techniques to reduce power loss in different components 

like the power switches to increase power efficiency of the converter. The majority of the 

power dissipation in the DC/DC converter occurs through power switches which is 

included conduction loss      and switching loss    . The total power loss in power 

switches is determined in equation 4.1 [11]. 

                                                                        

The power loss due to High side switch (PMOS) in DC/DC buck converter can be 

described from the following equation; 

                    
   ⏟          

    

 
          

 
(     )                 

 

⏟                          
   

                 

Where         is the MOSFET drain-source on-state resistance,      is the output current, 

D is the power switch’s duty cycle,     is the input voltage,    is the MOSFET rise time,    

is the MOSFET fall time,     is the switching frequency and      is the MOSFET output 

capacitance (       ) [11], [12]. 

As shown in equation 4.2, the first expression is correlated to conduction loss and the 

second part represents the switching loss of the high side MOSFET. As can be seen the 

conduction loss is directly proportional to the duty cycle and the MOSFET drain-source on-

state resistance thus reduction in value of “       ” and “ ” have an important role to 

reduce the total power loss in the high side power switch. On the other hand power 

switching loss is directly proportional to the switching frequency and therefore by 

increasing the switching frequency the power dissipation increases. 

While the total power loss via the low side switch (NMOS) in the buck converter (during 

off-state) can be achieved from equation 4.3:  

                    
                                                 

The total power loss of the Low side MOSFET is directly proportional to the MOSFET 

drain-source on-state resistance but inversely proportional to the switching duty cycle. The 

switching power loss is negligible because the Low side NMOS switches with just its body 

diode (forward conduction) which does not dissipate significant power and so it can be 

safely ignored [11]. 



14 
 

4.2 Duty Cycle calculation for buck converter:  

First we assume that both LSS and HSS are ideal and other elements are lossless;  

L
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Figure 4.1 Buck converter configuration (on-state) [13] 

As shown in figure 4.1, when the high side MOSFET conducts (during on-state) the path is 

provided to supply inductor and load. On the other hand, since the low side MOSFET is 

switched OFF (cut-off state) by PWM controller part thus there is no current flow through it 

and in this condition inductor current increases linearly and voltage          appears 

across the inductor [13]. Energy stored in inductor can be described from equation 4.4:  

   
 ⁄     

                                                                     

+

-

L

C RL

+ -

Vo

IL

Iout

VL

S2
Vin

S1

 
Figure 4.2 Buck converter configuration (off-state) [13] 

As illustrated in Figure 4.2, when the high side switch is turned off (during off-state) and 

low side one is turned on a path will be provided to discharge energy which is stored in 

inductor, so the inductor current decreases and voltage       appears across the inductor 

[13]. 

Figure 4.3 shows the inductor voltage and current waveforms in both on and off states. 
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Figure 4.3 Inductor voltage and current waveforms in “on & off” states [13] 

Therefore according to faraday’s law (Eq.5.1) we can calculate the amount of increase in 

the inductor current during on-state (     ) and decrease during off-state (      ) from 

equations 4.5 and 4.6 [13]: 

      ∫
  
 

   

 

   
        

 
                                   

       ∫
  
 

    

 

   
     

 
                                       

If we assume that converter operates in steady-state, so inductor current is the same at start 

(    ) and at the end (    ) of period: 

                                                                     

It means that energy stored in inductor at the end of cycle is equal to energy which is stored 

at the start of cycle, so from equation 4.7: 

        

 
    

  
 
                                            

The on-state and off-state time intervals can be determined from equation 4.9 and equation 

4.10 respectively: 
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By inserting these two equations into Equation 4.8 the duty cycle can be easily obtained 

from equation 4.11 [13]: 

   
  
   

                                                                      

     

4.3 Compensation and stability criteria   

To ensure stability in the control feedback loop of converter the compensation circuit is 

necessary, because without compensation part always there is a possibility that variation in 

input leads to instability in the system, which avoids achieving optimum regulation 

performance. Improving phase margin (by generating zero in the system’s transfer 

function) to make converter unconditionally stable and enhancing the gain at low 

frequencies (below the cross-over frequency) to attain converter’s output voltage very close 

to reference voltage are the two main purposes of using compensation technique [16]. 

For assurance the system’s control loop stability following cases are considerable; 

 In the worst-case the system at least should have phase margin             [4] 

(preferably            ) [1]. 

 Typically gain margin -6 dB to -12 dB is enough to ensure stability in the overall 

loop. 

 The crossover frequency should be less than half of switching frequency, but 

practically it is chosen less than that, preferably    ⁄  or   ⁄  of switching frequency 

otherwise there will be huge switching ripples at the output voltage [4]. 

 Typically the system is stable if the gain transient response crosses the unity gain(0 

  ) with slope of -20      ⁄  (not more than -20      ⁄ ) [17]. 

 The error amplifier should have enough attenuation at switching frequency to ovoid 

amplification of the output voltage ripples [17]. 

 The compensation gain should not be more than the error amplifier open loop gain  

since this is the limiting factor of the compensation circuit [18].  

An important point that should be taken in account about PM of control loop is that “a 

lower phase margin gives faster transient response and shorter settling time, but more 

peaking in the closed-loop transfer function and higher ringing and overshoot in the 

transient responses [1]”. Thus there is a tradesoff in choosing a desired PM by considering 

settling time and ripples in the output voltage, generally PM      is chosen [19] to attain 

faster transient response and lower overshoot and peaks at the output voltage. 

Generally three types of compensator error amplifier are employed (depends on different 

condition) in DC/DC buck converter’s control loop; type I, type II and type III. Type I 
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which is also referred as a single pole compensation is not too much practical due to its 

limited bandwidth and low phase margin however it has high DC gain at low frequencies, 

therefore type II or type III are more preferable to enhance the bandwidth and improve the 

phase margin of system’s closed-loop to ensure stability. 

Type II has fewer elements compared to type III and it is useful when the output filter 

capacitor of the converter C has high ESR whereas type III is usually employed when ESR 

is low (ESR zero frequency      is high) [20]. In other words if the zero generated by 

capacitor ESR provides enough phase boost at crossover frequency type II will suffice, 

while if phase boost provided by capacitor ESR in not enough then another zero will be 

added by means of type III (for compensation the system’s closed-loop phase).   

4.3.1 Type I compensator  

As can be seen in figure 4.4, the first type of compensation is a pure integrator op-Amp. If 

the output voltage of the system is not equal to reference voltage (less than reference 

voltage     ) then       will be connected between the inverting input of the error amplifier 

and ground as a voltage programming resistor to offset and adjust steady-state value of 

output voltage to make it closer to reference voltage.       has no effect on the 

compensation performance and can be ignored when it is not needed [16]. 
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Figure 4.4 Type I compensation network [16] 

4.3.1.1 Transfer function of type I compensator 

The transfer function of type I compensator has one pole at the origin thus for all 

frequencies it falls at slope -20      ⁄  and its phase shift is constant ‘       ’at all 

frequencies. Figure 4.5 shows the bode plot of Type I compensator. 

  
    

  
 

     
                                                            

 



18 
 

 

Figure 4.5 Bode plot of Type I compensator 

4.3.2 Type II compensator 

Type II compensator which is also called second-order integral-lead controller is depicted 

in figure 4.6; 
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Figure 4.6 Type II compensation network [18] 

This type of compensation is employed when phase boost provided by output filter 

capacitance’s ESR is enough. (ESR is relatively high). 
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4.3.2.1 Transfer function of type II compensator 

The transfer function of type II compensator has a pole at the origin which makes integral 

part and a single pole-zero pair that makes the lead part of the compensator. The resistance 

    and capacitor    which provides a pole at the origin, form the integral part of 

compensator circuit. The capacitor    and the resistance    provide a zero. Also the 

resistance    and the series combination of capacitor    and the capacitor     provide a 

pole, the capacitor    is usually chosen much smaller than the capacitor    thus the zero 

frequency      is much lower than the pole frequency      [1]. 

The purpose of using integral part in compensator circuit is to attain higher gain at low 

frequencies (and at DC) in order to reduce DC error but its drawback is reduction of 

stability in the system. This is due to the fact that the integral controller leads to phase shift 

      (phase lag) in all frequencies so for counteracting or reducing the phase lag between 

zero and pole frequencies of the system, employing lead compensator is the best option. 

Overall the duty of the lead compensator is to increase the gain crossover frequency    by 

introducing a zero at the right side of the pole (     ) to meet the desired phase margin. 

Increasing the gain crossover frequency leads to achieve a wide bandwidth and fast 

transient response of the system [1].  

If we assume that error-amplifier is ideal the current through the impedance    and 

resistance    is equal thus the transfer function of type II compensator can be obtained by a 

simple calculation; 

    
  

  
  
  
                                                                       

The impedance    can be determined from equation 4.14: 

   (   
 

   
)   

 

   
                                                     

By inserting    into equation 4.13 the transfer function of type II compensation network 

can be achieved from equation 4.16: 
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From equation 4.15: 
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As can be seen in equation 4.16 the transfer function of Type II has a pole at origin and one 

single zero at frequency: 

     
 

      
                                                             

And a single pole at frequency: 

     
     
        

                                                        

Figure 4.7 illustrates the bode plot of Type II compensator and shows that it gives a      

phase boost [18]: 

 

Figure 4.7 Bode plot of Type II compensator [18] 

4.3.3 Type III compensator 

The circuit of the type III compensator which is also called third-order integral-lead 

controller is depicted in figure 4.8; 
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Figure 4.8 Type III compensation network [18] 

As mentioned before when the phase boost provided by output filter’s capacitor ESR in not 

sufficient (ESR value is small) type III compensator is useful to provide enough phase 

boost (theoretically      ) by adding an extra zero to the system’s closed-loop transfer 

function. 

4.3.3.1 Transfer function of type III compensator 

The transfer function of type III compensator has a pole at origin and two zero-pole pairs. 

The capacitor     and the series combination of the resistance    and resistance    provide 

a pole at the origin which form the integral part of compensator circuit. The capacitor    

and the resistance    together introduce a zero and also the capacitor    and the series 

combination of the resistance    and resistance    introduce the second zero. The 

resistance    and the series combination of capacitor    and the capacitor    provide a 

pole. Finally the capacitor    and the resistance    introduce the second pole of the system 

[1]. 

As in type II compensator the integral part is employed to increase the gain of the system at 

low frequencies in order to reduce DC error, but since this part causes a phase lag       at 

all frequencies the lead compensator part is therefore used to reduce the phase lag. This is 

done by introducing two zeros to the transfer function of closed-loop system which leads to 

increase the gain crossover frequency and attain a faster transient response [1]. 

If we assume that error-amplifier is ideal the transfer function of type III compensator can 

be achieved from following equations: 

    

(   
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From equation 4.19: 
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As can be seen in equation 4.20, the transfer function of Type III has a pole at origin and 

two zero-pole pairs at frequencies; 

      
 

      
                                                               

      
 

           
                                                 

      
     
        

                                                           

      
 

      
                                                                

Figure 4.9 depicts the bode plot of the type III compensator which makes       phase boost 

due to two zeros [18]. (Practically less than     )   

 

Figure 4.9 Bode plot of Type III compensator [18] 

 
              

 
  
 
  
  
 

Ph
as

e

     
  
  

 

   

18 

  

18              

              



23 
 

4.4 Feedback Control Loop 

As mentioned before there are two main types of feedback control topology; current mode 

control and voltage mode control to regulate DC/DC converter’s output voltage. 

Assurance of the stability of the system and regulation of the output voltage by adjusting 

the switching duty cycle are two main goals of feedback control loop in the DC/DC 

converter. Commonly the feedback control part consists of two main components; voltage 

error-amplifier (with compensation circuit) and voltage comparator to keep close the output 

voltage to set reference voltage.   

4.4.1 Current Mode Control (CMC)  

As shown in figure 4.10, current mode control system has two control feedback loops: 

internal feedback loop that senses and controls inductor peak current which is called current 

loop and also external feedback loop that senses and regulates the output voltage which is 

called voltage loop.  

The reason that this method is called current mode control is that it controls the inductor 

current directly via internal control loop, while the output voltage is regulated indirectly by 

the internal current loop. The basic idea of operation is that the internal current loop senses 

the inductor current then according to current changes through inductor it adjusts the duty 

cycle and the external voltage loop provides a reference voltage for the internal loop in 

response to changes in the output voltage, this process will continue until the output voltage 

be regulated [1].  

4.4.1.1 Architecture 

The internal current loop is included four main parts; current sensor, voltage comparator, 

SR latch and clock generator which controls the switching duty cycle. 

As can be seen the inductor current    is sensed with resistance    as a current sensor and 

then voltage      applies to non-inverting input of voltage comparator. The comparator 

compares this voltage with control voltage    which is applied to its inverting input 

(generated by error-amplifier from the external voltage loop) when voltage      is higher 

than control voltage     (increase in   ) the output comparator goes low but when voltage 

      is less than control voltage    (reduction in   ) the comparator’s output goes to high 

leads to reset the SR latch then Q goes to low state to turn on the HSS (PMOS switch 

power) for adjusting inductor current. The HSS remains in on state till the SR latch is set by 

clock generator [1].   
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Figure 4.10 PWM Buck converter with current mode control (CMC) [1] 

4.4.2 Voltage Mode Control (VMC) 

As shown in figure 4.11, unlike the current mode control it has just one feedback loop 

which is called voltage control loop. Since the duty cycle is directly controlled by voltage 

reference      and feedback voltage    via voltage loop this method is called voltage mode 

control.    

4.4.2.1 Architecture 

The voltage control loop usually contains two man parts: voltage error-amplifier and 

voltage comparator for regulating output voltage.   

In this method the feedback voltage    is compared to reference voltage       and their 

difference is amplified by error-amplifier which is appeared as voltage error    at the output 

of amplifier. Then this voltage error which is applied to non-inverting input of voltage 

comparator is compared to saw-tooth wave      which is applied to inverting input of 

comparator in order to generate square pulses for controlling switching duty cycle, when 

the voltage error    is higher than        the comparator output goes high whereas if the     

is lower than        its output goes low to adjust the switching duty cycle.  
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Figure 4.11 PWM Buck converter with voltage mode control (VMC) [1] 

4.5 VMC vs. CMC  

The important advantages and disadvantages of employing voltage mode or current mode 

control are mentioned as below: 

 Since current mode control employs two feedback loops, controlling the output 

voltage of converter is easier than voltage mode control which uses just one voltage 

feedback loop. The extra loop (internal current control loop) makes an 

improvement in phase margin and stability and it does not need so much 

complicated circuit for phase compensation, usually type II compensation is 

enough and it makes the design of converter simpler however type III compassion 

is needed for voltage control mode to improve the phase margin of converter.  

 Voltage control mode has different characteristics when moving from continuous 

conduction mode to discontinuous conduction mode so designing a compensation 

circuit that can operate properly in both modes is impossible while current mode 

control has almost the same characteristics in both CCM and DCM mode. 

 Since in CMC the inductor current should be sensed it needs extra circuitry (current 

sensor) which causes power loss and complexity of system. 

 If the duty cycle of converter is around 50% it can cause instability in current mode 

control [7]. 
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 Noise and spikes on the current sense signal is one of the major issues in CMC and 

obtaining smooth ramp from sensed signal is not simple so inevitably sometimes 

filter is added to current sensor circuit to suppress the noise and spikes [7]. Figures 

4.12 and 4.13 show the different between ideal current-sensed and real current-

sensed signal’s waveforms respectively. 

 

Figure 4.12 Ideal current-sensed waveforms [7] 

 

Figure 4.13 Practical circuit current-sensed waveforms [7] 

4.6 Pulse Width Modulation (PWM) 

Pulse width modulation which is called also duty cycle modulation is a technique for 

delivering the power to the load by using sequential fixed rectangular pulses based on 

reference voltage and error voltage [8]. Depending on how much power we want to deliver 

to the load the duty cycle of PWM waveform varies, for example figure 4.14.a (10% duty 

cycle) and figure 4.14.c (90% duty cycle) illustrate low power and high power delivering 

respectively. 

 

Figure 4.14 PWM signal with different duty cycles 
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Since in this technique the frequency is constant the switching noise is relatively low thus 

simple low-pass filter can be used to suppress the output voltage ripples properly.  

4.7 Pulse Frequency Modulation (PFM) 

PFM (also called power save mode ‘PSM’) is similar to PWM control method but instead 

of fixed frequency pulses it employs ‘constant time variable frequency’ to control 

delivering supply power to the load [8]. 

Figure 4.15 depicts the pulse frequency modulation for three different levels of load 

current. 

 

Figure 4.15 PFM signal with respect to load current variation [8] 

When the load current is low instead of PWM technique this method is useful to increase 

the power efficiency of converter. 

4.7.1 The structure of PFM control in buck converter 

As shown in figure 4.16, in this technique first the feedback voltage    is compared to 

reference voltage      by means of a voltage comparator, if    is lower than reference 

voltage then the signal      will goes low (by setting the SR flip-flop) to turn on PMOS 

power switch and turn off NMOS switch. The inductor current ramps up linearly while the 

PMOS switch conducts. When the inductor current reaches to the specified peak current 

(threshold current), the current comparator turns off PMOS switch and turns on NMOS 

switch (by resetting the SR flip-flop) to decline the peak current. On the other hand the 

zero-current detector is employed to turn off the NMOS switch when the inductor current 

goes to zero; therefore it avoids energy dissipation in the NMOS transistor caused by 

reverse flow of inductor current. 
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Figure 4.16 Structure of PFM control [31] 

4.8 PFM vs. PWM 

 PWM technique is efficient for moderate to high output power (high load current) 

where the duty cycle is longer but if this technique is used for low load current the 

efficiency of converter drastically reduces because the switching loss will dominate 

the total loss of converter circuit so instead, PFM method is employed to increase 

the converter’s efficiency  significantly. 

 In PWM method due to the use of a fixed frequency the switching noises and the 

output voltage ripples are relatively low comparison to PFM technique which 

employs variable frequency, so with a simple low-pass filter the output voltage 

ripples caused by switches can be removed. 

 PFM controlling circuit is more complex than PWM circuit and it has high 

electromagnetic interface (EMI) that is why the power supply designers usually 

avoid using it [8]. 

 PWM is frequency band limited whereas PFM has variable frequency band. 
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4.9 Continuous Conduction Mode vs. Discontinuous Conduction 

Mode 

Buck converter can operate in two modes regarding the inductor’s current wave form; CCM 

(Continuous Conduction Mode) and DCM (Discontinuous Conduction Mode). In 

continuous conduction mode, inductance current never falls to zero during discharge 

interval but in DCM mode due to low load current, the inductor current falls to zero and 

remains in this state until charging cycle of inductor. 

Figures 4.17 and 4.18 show the inductor current waveform for synchronous (which NMOS 

is used as a LSS) and asynchronous (which diode is used as a LSS) buck converter 

respectively in both low output current and high output current [9]. 

 

Figure 4.17 Inductor current waveform in a synchronous buck converter [9] 

      

   

     

     

    

  

t

t

  

         

    

High output 
current

Low output 
current



30 
 

 

Figure 4.18 Inductor current waveform in an asynchronous buck converter [9] 

As can be seen both asynchronous buck converter and synchronous buck converter 

maintain in CCM operation mode when output load current is high, but since in 

synchronous buck, MOSFET is employed instead of external diode thus it losses less power 

than asynchronous buck. Therefore it will be more efficient if we use synchronous buck 

instead of conventional buck for high output current. 

The story is different when the output current is low. For low output current, asynchronous 

buck converter goes to DCM mode operation since diode is current-unidirectional switch so 

it blocks the negative current but since MOSFET is current-bidirectional switch thus 

negative current can flow through it and it will not be blocked. So it maintains in CCM 

mode, therefore it would be more efficient if we use asynchronous buck instead of 

synchronous for very low output current because during a period that diode is in zero volt 

there is no conduction loss and does not dissipate any power [9].   
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Chapter 5 

Design and performance evaluation of buck converter 

5.1 DC/DC buck converter’s specifications 

There are so many factors should be taken into account for designing DC/DC converters 

like power efficiency, transient response, settling time, output voltage ripples, stability of 

system and occupied area in the chip. For instance faster transient response can be achieved 

by increasing frequency but on the other hand higher frequencies causes lower efficiency 

therefore always there is trade-off between transient response of the system and efficiency 

of converter. 

The specification for designing the DC/DC buck converter is according to table 5.1; 

Technology 65 nm CMOS process 

Input Voltage 1.1 v 

Output Voltage 500 mV 

Output current range < 1mA 

Output Power 400µW 

Switching Frequency 20 MHz 

Allowed voltage ripple (percentage) 1% 

Allowed current ripple(peak to peak) 1 % 

Minimum efficiency 70 % 

Output capacitor ESR 75mΩ 

 

Inductor DCR (DC resistance) 

 

50mΩ 

Table 5.1 Buck converter specifications 

5.2 Buck converter’s circuit 

The Most DC/DC buck converters replace their freewheel diode (which is used in 

conventional converters) with a NMOS transistor in order to increase the efficiency of 

converter in the low output voltage condition and make the fully integration of the power 

switches on chip. There is however a disadvantage of this replacement because it is low 

efficient in very light load due to conduction of NMOS switch during the whole discharge 

cycle. Therefore, when the converter works in very light load,    is discharged down to zero 

and begins to flow from the output      to ground through the turned on NMOS transistor 
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(bidirectional switch), on the other hand synchronous buck converter always works in CCM 

mode in very light load (figure 4.17), result in great energy consumption in very low load 

condition. 

To have a synchronous buck converter with high performance and efficiency over a wide 

range of load current, it should be able to operate also in DCM mode for very low loads, 

Like [31] and [32] which inductor current below zero will be canceled by using different 

control techniques, so that the efficiency under very light-load will be greatly increased. 

 

There are so many other control techniques to improve the efficiency of buck converter in 

the both light and heavy loads, but since in this thesis during discharging interval the 

inductor current never goes below zero (in the desired voltage range) therefore there is no 

need to employ complicated feedback topology to control CCM or DCM mode of the 

system. On the other hand the buck converter is designed for ultra-low power application in 

the range of µwatt, adding any extra blocks and components in the feedback control loop of 

the circuit will consume so much energy and therefore the total efficiency of converter will 

be drastically reduced. Thus in this work it is preferred to use simple but efficient Voltage 

Mode Control loop to keep the overall performance in good condition. Figure 5.1 shows the 

designed buck converter circuit: 
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Figure 5.1 Buck converter’s circuit 

All transistors in the circuit downsized to reduce the area of chip, the power MOSFETs are 

chosen to have a low on resistance       to reduce the conduction losses and low gate-

charge to reduce switching losses. (HSS    (PMOS) and LSS    (NMOS) sized 7 µm and 

6.3 µm respectively). The operation frequency of converter is chosen high enough (20MHz) 

in order to reduce the size of output filter’s inductor and capacitor and simultaneously have 

a desired efficiency. The higher frequency operation allows the on-chip integration of filter 

capacitor and inductor but the problem is that converter’s efficiency dramatically will be 

reduced due to higher power loss, therefore to meet the converter’s specifications the 

operation frequency 20 MHz is chosen.  
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5.3 Parameters’ calculation: 

5.3.1 Calculation of minimum value of inductor and output filter 

capacitor 

5.3.1.1 Inductor size 

The values of inductor and capacitor of the output filter are the first elements that should be 

calculated in designing a DC/DC buck converter. The minimum value of inductor is 

calculated based on the following equations: 

The inductor current    can be measured according to Faraday’s law (Eq.5.1): 

 

    
   
  

                                                                        

For          ; 

    
     

 
                                                                   

 

Where    input voltage and    is output voltage of buck converter. 

The inductor current waveform at the boundary between CCM and DCM operation is 

shown in figure 5.2: 

 

 

 
Figure 5.2 Inductor current waveform at the CCM/DCM boundary [1] 

The peak current at boundary can be express in equation 5.3: 

 

            
       

 
    

       

    
                                    

The maximum Peak-to-peak of inductor ripple current can be obtained from equation 5.4; 
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Thus the minimum inductor value which is needed in buck converter to operate in the 

continues current mode for                can be achieved from equation 5.5 [1]: 

        

     
          

        
                                                           

 

 

Based on the specifications below: 

 

                   

                     

            
    

       
 
   

   
          

                  

                

 

The minimum inductor’s size is calculated from equation 5.6: 

 

     
          

        
 
           

         
                                

 

As we can see inductor size is inversely proportional with switching frequency in other 

words by increasing the switching frequency we can reduce the size of inductor which 

yields decrease in total circuit area. But there is a tradeoff between size of inductor and 

switching frequency because when the switching frequency increases, the power loss in the 

power switches increases, so that the converter’s power efficiency declines. Also when the 

size of inductor reduces, inductance current ripple growths up which is not desired, because 

increase in inductor current ripple leads to increase voltage ripple at the output of system 

therefore In this work in order to limit the peak-to-peak current ripples and reduce the 

power loss in inductor and power MOSFETs, the inductor size is chosen a bit larger than 

calculated one to meet the performance specifications; 

 

Preferred size of inductor: 8.5 µH  

 

Figure 5.3 shows the transient response of inductor’s peak-to-peak current ripple (   ) and 

the load current    which is equal to average of     ; 
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Figure 5.3 Inductor and load current waveform 

5.3.1.2 Capacitor size 

The minimum size of capacitor which is required to overcome the output voltage ripple can 

be determined according to following procedure: 

      

First we assume that we are in off state (   t  ) it means that HSS (  ) is off and 

switch LSS (  ) is on, thus energy which is stored in inductor L starts to discharge through 

   to the load and capacitor C. 

 

Figure 5.4 shows that the waveform of current flow through load capacitor C is the same 

with inductor current, (same ripple size) just its level is lower than inductor current. The 

maximum increase of the charge (  ) which is stored in filter capacitor C is equal to 

striped triangle area therefore by calculation the striped area we can obtain    for each 

cycle from equation 5.7: 

 

   
 

 
 
 

 
 
      

 
 
       

 
 
      

   
                                 

 

~       

       

8   

Inductor current    & load current     
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Figure 5.4 Voltage ripple waveforms of the buck converter [1] 

The peak to peak voltage ripple across the filter capacitor is expressed in equation 5.8: 

 

     
  

 
 
      

    
                                                       

 

From the equation 5.4: 

     
          

      
                                                      

 

Since the double pole frequency of output filter is equal to: 

 

    
 

  √  
                                                                 

 

Thus we can calculate the peak to peak voltage ripple across the capacitor C in terms of 

double pole frequency from equation 5.11: 
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So the minimum size of capacitor for output filter to reduce the peak to peak voltage ripple 

is achieved from equation 5.12: 

 

     
      

       
 
          

    
     

                                     

 

As we can see capacitor size is inversely proportional to square value of switching 

frequency, therefore by increasing the switching frequency we can reduce the size of filter 

capacitance but on the other hand we should consider that increase in switching frequency 

leads to drop in converter’s power efficiency [1]. 

 

To determine the value of output filter capacitor we assume the worst case (       or 

      ), thus according to equation 5.12 the minimum value of output filter capacitor is 

determined from following calculation; 

 

Assumption;             (Voltage ripple across the capacitance C) 

 

     
      

       
 

   

             
                                    

 

For safety 330 nF is preferred for output filter capacitance. 

5.4 Method for choosing type II or type III compensation 

The following procedure is employed to select which compensation type is suitable and 

easier for implementation for regulating the output voltage properly: 

If ESR of the output filter capacitance is low so that      is equal to or greater than 5 times 

of output filter’s double pole frequency     then type III compensation is employed to meet 

the stability criteria by adding extra zero to the system’s closed-loop phase, but when ESR 

value is high so that      is less than 5 times of     then type II compensation is enough to 

have a sufficient phase margin [20]. 

The equivalent series resistance zero frequency is expressed in equation 5.14: 

 

     
 

         
                                                                    

From the specification ESR=75mΩ, therefore according to equation 5.14 the ESR zero 

frequency is calculated: 
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By comparing ESR zero frequency      and output filter’s double pole frequency     

which is calculated according to equation 5.10: 

    
 

  √           
                                           

We can see that      is much higher than     thus based on above procedure, type III 

compensation is employed to have a sufficient phase boost at the closed-loop system. 

5.5 Type III compensator’s components value 

For positioning the poles and zeros at the desired places to have enough phase margin the 

components value of type III compensator is calculated according to following procedure: 

 Assumption:        and DBW (Desired Bandwidth) = 6MHz (30% switching 

frequency) 

 To have a desired bandwidth the ratio of     ⁄  (type III error amplifier gain in 

horizontal part of its transfer function [4]) should be large enough. This will be 

accomplished by calculating    from equation 5.17: 

   
   

   
 
     
   

                                                         

 Placing the first zero at the half of the output filter double pole frequency, it will be 

accomplished by calculation     from equation 5.18: 

   
 

       
                                                                

 Set the first pole at the ESR zero frequency which will be done by calculation    

from equation 5.19: 

   
 

               
                                                  

 Placing the second pole at 50% of switching frequency and also set the second zero 

at the output filter double pole frequency, it will be accomplished by calculation    

and    from following equations:  

   
  

(
   
    

)   
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Table 5.2 shows the calculated components value according to the above procedure; 

   2kΩ 

   57kΩ 

   19Ω 

   434fF 

   58pF 

   829pF 

Table 5.2 Type III compensator’s calculated components 

Based on the calculated values the total open loop gain of the buck converter and the output 

filter’s gain are plotted in cadence, as shown in figure 5.5: 

 

Figure 5.5 Converter and output filter’s gain plot 
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5.6 Variations in output voltage and output current ripples with 

different sizes of filter capacitor 

Table 5.3 shows the effect of different values of output filter capacitor C on output voltage 

and load current ripples. As can be seen when the output capacitance is reduced from 330 

nF to 55 nF (6 times reduction) both the output voltage and load current ripples increase 

drastically. 

 

   

 

 

330nF 

 

82.5nF 

 

55nF 

 

41.25nF 

 

L 

 

 

8.5 µH 

 

34 µH 

 

51 µH 

 

68 µH 

 

RL 

 

 

625Ω 

 

625Ω 

 

625Ω 

 

625Ω 

 

Input Voltage 

 

 

1.1v 

 

1.1v 

 

1.1v 

 

1.1v 

 

Average Output Voltage 

 

 

504mV 

 

504mV 

 

504.9mV 

 

506.5mV 

 

Output Current 

 

 

806.4µA 

 

806.4µA 

 

807.9µA 

 

810.4µA 

 

Average Output power 

 

 

406.4µW 

 

406.4µW 

 

407.9µW 

 

410.5µW 

 

Average input power 

 

 

485.6µW 

 

473.7µW 

 

488.1µW 

 

464.4µW 

 

Switching Frequency 

 

 

20MHz 

 

20MHz 

 

20MHz 

 

20MHz 

 

voltage ripple(peak to peak) 

 

 

0.12mV  

 

0.1mV  

 

8.05mV  

 

14.15mV  

 

current ripple(peak to peak) 

 

 

0.2µA  

 

 

0.15µA  

 

 

12.89µA  

 

 

22.6µA  

 

 

Settling time 

 

 

45.8µs 

 

15.2µs 

 

12.9µs 

 

12.3µs 

 

Power efficiency (%) 

 

 

83.68% 

 

85.8% 

 

83.58% 

 

88.39% 

Table 5.3 Effect of different sizes of filter capacitor on output voltage and current ripples 
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5.7 Error amplifier schematic and its open-loop simulation result 

Two-stage amplifier is chosen as an error amplifier to provide enough gain and phase 

margin. As shown in figure 5.6 the amplifier is included the differential input pair, current 

mirror and output stage. One of the amplifier’s differential inputs is connected to reference 

voltage      and another one is connected to feedback voltage    which is taken from the 

output of buck converter and their amplified difference is appeared at the output of 

amplifier.  

The differential input pair transistors (   and   ) and transistor    are sized to have a 

high    which yields a high voltage gain. High gain is needed to improve the voltage 

regulation by keeping the difference between the reference voltage and feedback voltage 

small (smaller error voltage) [21]. The biasing current is chosen a small value 

(approximately 12.5 µA) to reduce the power losses in the control loop of the system. This 

error amplifier can work properly in the system in the range of 100 mV to 700 mV.  

M5 M6 M7

M1 M2

M3 M4 M8

Rbias

Vdd

ve
vref vF

Ibias

Vdd Ro1

Rout

 

Figure 5.6 Error amplifier schematic 

Small signal gain of amplifier can be calculated from equation 5.22: 

                                                                        

Which     and      are output impedance of the first and second stages respectively which 

are obtained from equations 5.23 and 5.24; 

{
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From cadence simulation; 

{
 
 

 
 
              
          
          
           
          

                

  

Figure 5.7 depicts the open-loop gain and phase of error amplifier. Simulation result shows 

that the phase margin, DC-gain and unity-gain frequency (Fu) are 75.59 , 61.13 dB and 

43.09 MHz respectively. 

 

 

Figure 5.7 Open-loop Bode Plot of error amplifier 

 

 

 

DC-gain: 61.13 dB 

Phase: 75.59  

Fu: 43.09 MHz 

G= 60.26 dB 
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5.8 Comparator and driver schematic and their simulation results 

Comparator schematic is chosen similar to error amplifier but since we don’t need to get 

more voltage gain from comparator so only the sizing of transistors is different (smaller) 

and since it does not need the amplifier’s compensation network, it is quite faster. 

As shown in figure 5.1 the sawtooth ramp is applied to inverting input of comparator and 

the error signal which is coming from output of error amplifier is applied to non-inverting 

input to be compared with sawtooth wave to generate pulse width modulation (PWM) wave 

at the output of comparator in the feedback loop of the buck converter. 

To obtain a smoother PWM waveform for driving the power transistors properly, a driver is 

connected at the output stage of comparator, figure 5.8 shows the driver schematic which is 

included four simple inverter stages with proper sizing of transistors to achieve a desired 

square-wave signal which yields reduction in power consumption at power stage of the 

system: 

(  ⁄ )
 
      (  ⁄ )

 
     (  ⁄ )

 
   (  ⁄ )

 
 

 

(  ⁄ )
 
      (  ⁄ )

 
   (  ⁄ )

 
   (  ⁄ )

 
 

 

M0

M1

M2

M3

M4

M5

M6

M7

Vdd

vin

 

Figure 5.8 Driver schematic 
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Figure 5.9 shows the transient response simulation results of comparator (with driver), 

power switches’ on-off state and output voltage waveforms: 

 

Figure 5.9 Simulation results 

5.9 Effect of ESR and DCR on filter characteristic 

Figures 5.10 and 5.11 show the effect of the parasitic resistances (ESR and DCR) on the 

phase and gain characteristic of output filter which depends on their value on the circuit and 

we cannot conclude from this discussion that lossy elements cause an increasing gain and 

phase characteristics of filter in all cases [14]. 

As can be seen the phase and the gain response of filter is changed when the parasitic 

resistances are included to the output capacitor and inductor. For instance since ESR 

provides a zero at the transfer function of lossy filter thus the gain slope of the output filter 

is increased +20 dB (from -40 dB to -20 dB) at      frequency but since there is no 

parasitic resistance in lossless filter the gain plot has a sharp slope (-40 dB) above LC 

cutoff frequency due to double pole frequency. 

error signal & sawtooth 

PWM

driver output

power switches' on-off state

output voltage
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Figure 5.10 Output LC filter’s Bode plot (lossy) 

 

Figure 5.11 Output LC filter’s Bode plot (lossless) 
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5.10 Output voltage and load current ripples 

Figure 5.12 shows the output voltage and current ripples waveforms of DC/DC buck 

converter circuit under following conditions (using type III compensation network); 

   = 1.1 v,      = 500 mV, L= 8.5 µH,   = 330 nF, ESR= 75 mΩ, DCR= 50 mΩ,   = 625 

Ω and switching frequency    =20MHz. The measured ripple of output voltage and load 

current are 0.12 mV and 0.2µA respectively.  

 

 

Figure 5.12 Output voltage and load current ripples using type III compensation network 

As shown in figure 5.13, when type II compensation network is used instead of type III 

since it has not enough phase boost to assurance the system’s stability the large ripples 

appeared at the output voltage and current load waveforms; 

       

      

output voltage ripple

load current ripple
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Figure 5.13 Output voltage and load current ripples using type II compensation network 

5.11 Settling time 

Figure 5.14 shows the time that the buck converter requires in order to regulate the output 

voltage based on the set reference voltage (settling time). As can be seen the settling time is 

around 45 µs which guarantees smooth and fast transient response of the system.  

 

Figure 5.14 Settling time 

      

      

load current ripple

output voltage ripple

(Vout)

settling time      µ   
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Also figure 5.15 depicts the voltage drop across the load. As can be seen when the output 

voltage drops below the predefined limit set, the feedback loop forces the average inductor 

current to increase to regulate the output voltage      to     . For instance when voltage 

drop around 200mV (due to a large change in load) occurs, approximately 25µs takes to 

feedback control loop can adjust the output voltage to set reference voltage (which here is 

500mV). 

 

Figure 5.15 Voltage drop 
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5.12 Efficiency vs. load current 

Figure 5.16 shows the effect of different load current on the buck converter’s power 

efficiency  , as can be seen when the load current is in the range of “0.5 mA~1.26 mA” the 

converter’s efficiency is over 81%. 

For more discussion about the efficiency and power dissipation of DC/DC buck converter 

we can divide the graph 5.16 into three regions, as shown in figure 5.16. In region (I) which 

is related to high load, the conduction loss (due to parasitic resistive impedances) is the 

dominant power loss. In region II (light load) the switching loss is the major power loss in 

buck converter circuit. And finally in region III (very light load) the dominate power loss is 

the gate-drive loss caused by charging and discharging of the gate capacitances of power 

transistors during switching transitions [22]. 

 

Figure 5.16 Efficiency vs. load current 
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Table 5.4 shows the effect of different values of load current on the output voltage and the 

output current ripples. As can be seen voltage and current ripple are almost the same for 

different values of the output current. 

 

RL 

 

   

200Ω 

 

600Ω 

 

1kΩ 

 

2k Ω 

 

3k Ω 

 

Input Voltage 

 

 

1.1v 

 

1.1v 

 

1.1v 
 

1.1v 
 

1.1v 

 

Average Output Voltage 

 

 

503.8mV 

 

504mV 

 

504mV 

 

504mV 

 

504mV 

 

Output Current 

 

 

2.519mA 

 

840µA 

 

504µA 

 

252µA 

 

168µA 

 

Average Output power 

 

 

1.269mW 

 

423.3uW 

 

254uW 

 

127uW 

 

84.67uW 

 

Average input power 

 

 

1.712mW 

 

505.8uW 

 

310.3uW 

  

172.3uW 

 

127.9uW 

 

Switching Frequency 

 

 

20MHz 

 

20MHz 

 

20MHz 

 

20MHz 

 

20MHz 

 

Settling time 

 

 

62.1µs 

 

46.3µs 

 

44.8µs 

 

43.8µA 

 

43.6µA 

 

voltage ripple(peak to peak) 

 

 

0.12mV  

 

0.12mV 

 

0.12mV 

 

0.12mV  

 

0.12mV  

 

current ripple(peak to peak) 

 

 

0.55µA  

 

0.2µA 

 

0.12µA 

 

0.06µA 

 

 

0.04µA 

 

Power efficiency (%) 

 

 

74.15% 

 

83.69% 

 

81.85% 

 

73.7% 

 

66.22% 

Table 5.4 Effect of different values of load current on efficiency, output voltage and output current 
ripples 

5.13 Efficiency vs. switching frequency 

Figure 5.17 shows the effect of different values of switching frequency     on the 

converter’s power efficiency  . Resistive losses dominate at lower switching frequencies 

while the dominant power losses at higher switching frequencies are related to capacitive 

losses [23]. 

As can be seen the maximum efficiency is achieved when the frequency is about 40 MHz 

(more than 84% @ frequency 40 MHz) after this frequency the efficiency is decreased 

linearly due to higher capacitive losses in the output power stage. 
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Figure 5.17 Efficiency vs. switching frequency at     =500 mV 

5.14 Efficiency vs. duty cycle 

Figure 5.18 shows the effect of different values of duty cycle on the buck converter’s power 

efficiency. As can be seen efficiency of buck converter suffers from the small values of 

duty cycle, mostly because of increase in switching loss in the power MOSFETs [24]. The 

highest efficiency (       ) is achieved at duty cycle 0.63 where the output voltage is 

700mV.  

 

Figure 5.18 Efficiency vs. duty cycle 
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5.15 Performance comparison: 

Compared to previously reported works, this design with such a low input and output 

voltage (which any voltage drops will take out a lot of efficiency) has a good power 

efficiency even more than 84% at frequency 40 MHz which capacitive losses are dominant 

at such a frequency. This accomplished by sizing the power switches to have a low parasitic 

output capacitance     to avoid more power dissipation due to capacitive losses, also to 

overcome the gate-drive losses at very light load the gate capacitances of power MOSFETs 

are small enough to reduce charging and discharging time and have a faster switching time. 

The voltage ripples due to switching is very low because of choosing proper components’ 

value for compensation network and output filter, also due to wide bandwidth error 

amplifier the fast transient response of the system is achieved and settling time can be 

compared with previous works which have been done on the control loop of buck converter 

[27], [28], [29]. In this thesis a simplified feedback control loop is employed to reduce chip 

area and power dissipation in the system. Moreover the fully integrated compensation 

network with an accurate transient response is achieved in this work. 
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Chapter 6 

Conclusion and future work 

6.1 Conclusion 

In this thesis different methods of feedback control which is used in DC/DC buck converter 

like voltage mode control and current mode control have been discussed. Also the structure 

of buck converter has been studied and its different parts are introduced. It has been shown 

that switching mode DC/DC converter dissipates less power than linear regulator due to 

using switching technique instead of variable resistance in the power stage of converter. 

A schematic level of the PWM buck converter (using VMC) was implemented in 65nm 

CMOS technology with switching frequency 20MHz. The simulation results show that the 

implemented converter works efficiently when load current is in the range of 0.5 mA to 

1.26 mA (power efficiency higher than 81%) and since wide bandwidth error amplifier is 

used in the feedback control loop of the system, it has a fast settling time (~45 µs). 

The crucial part of the designing buck converter circuit is compensation network. In this 

thesis after a deep study about different types of compensation networks, due to low value 

of inductor ESR the compensation type III is employed and its elements value were 

calculated accurately to assurance the stability of the system and reduce the ripples at the 

output voltage, Also effect of changes in different factors and elements like load current, 

switching frequency and duty cycle on power efficiency, current and voltage ripple has 

been observed. 

6.2 Future work 

A dead-time control part can be used after comparator to avoid the short-circuit losses 

which occurs when the HSS (PMOS) and LSS (NMOS) conduct at the same time. Thus 

applying a short dead time can guarantee that both the power MOSFETs will not conduct at 

the same time for any period of time. Another recommendation for future work is designing 

the converter at the layout level in 65nm CMOS process to determine the full chip area. 

Also more study can be done about other modern control techniques to find a proper 

feedback control method which can enhance the power efficiency of this ultra-low power 

buck converter. 
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