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As more features are being integrated into mobile platforms, the demand for 

long battery life during standby mode has been increasing. Light load efficiency 

becomes one of essential features in today’s DC-DC converter. The most effective 

method to improve light load efficiency is to operate the DC-DC converter under 

pulse-frequency-modulation (PFM) to reduce the switching loss. However, using such 

architecture could also have the switching frequency get into the band of interest, and 

requires large off-chip components to filter unwanted signal. In this research, an 

efficient PFM with frequency limiting is designed. It has similar efficiency profile as 

the single pulse PFM by utilizing width switching and frequency control techniques. It 

operates in between 1~2 MHz switching frequency under light load condition.   
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An Efficient Frequency Controlled PFM for DC-DC Converters  
 

1. Introduction 

1.1 Motivation 

In the era of the mobile computing, being able to operate for a long period of 

time on a single battery charge is a demanding feature in any of the mobile 

devices, such as cellphone , MP3 player, camera , and GPS, etc. Thus, standby 

time is an important factor that determines successful mobile product. Hence, a 

power management ICs that can provide high conversion efficiency across wide 

range of load with fast response time can greatly benefits the mobile devices. 

In the modern GSM (Global System for Mobile Communications) handset 

devices, the building blocks consist of microprocessor, memory, display, digital 

baseband, analog baseband, and RF (Radio Frequency), etc. (shown in Figure 1.1). 

With the new features being developed and included in cellular phones, the 

average current consumption of the GSM handset devices are increasing.  Being 

able to switch in between standby mode and talk mode more frequently is required 

to extend operation time. As a result, the load current in cellular phones could vary 

from hundreds of µA to a few hundred mA (shown in Figure 1.2).  

 As the load current gets into light load condition, the switching regulator is 

being cautiously designed to have switching frequency above the band of the 

interest, which often requires designers to utilize large off chip components to 

filter out unwanted switching harmonic [1]. 



2 
 

 

 

Figure 1.1: Block Diagram of a Cellphone System [2] 
 
 

 

Figure 2.2: Current Consumption of Each Block in Cellphone System [2] 
 

1.2 Research Goals 

The goal of this research is to develop a control mechanism which will maintain 

the switching frequency above the interest of the band on chip while having 

similar or the same efficiency profiles when operating the switching regulator 

under light load condition. 
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The converter should have high efficiency over a wide range of the load 

current. As the load current is under the light load condition, the switching 

frequency should be limited within 1 to 2 MHz range while having the efficiency 

comparable to the single pulse PFM (Pulse Frequency Modulation) architecture. 

The hysteresis should be adjusted automatically to adjust the frequency, and 

thereby having smaller ripple as the load current decreases. 

1.3 Thesis Organization 

This thesis discusses the design of an efficient pulse-frequency modulation 

control technique. Chapter 2 provides a system level overview of switching 

regulators and the mode of operation. The operation of each converter topology is 

demonstrated, and difference between voltage mode and current mode control will 

be analyzed and explained.  

Chapter 3 will discuss the non-idealities of the buck converter in PWM (Pulse 

Width Modulation) mode and PFM mode. In Both PWM and PFM mode, the 

conduction loss and the switching loss will be analyzed and explained. Loss due to 

dead-time will also be included.  

Chapter 4 will go over the architectures of PWM particularly in conventional 

PWM and hysteretic PWM. PFM literature review will also be included with 

focusing on improvement of PFM efficiency with solving the switching frequency 

variation in PFM mode in mind. 

Chapter 5 will demonstrate the overall system architecture of proposed 

hysteretic buck converter, and the frequency detection and correction loop will be 
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explained. The width switching mechanism and power switch optimization will 

also be demonstrated. 

Chapter 6 will show schematic design of all blocks within system architecture, 

and will explain the design consideration of each circuit topology. Some sub-

circuit simulation result will also be shown in this section. 

Finally, chapter 7 will display simulation results of buck converter design. 

Particularly efficiency plot over wide range of load current and frequency plot 

over wide load current will be demonstrated.  Transient response of auto hysteresis 

window adjusting for frequency limiting control will also be shown in chapter 7.  
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2 Switching Regulators 

DC-DC converter can break down into two categories: linear and switching 

regulator. Depending on the applications, linear regulator and switching regulator 

could be used to regulate supply voltage for analog/ digital blocks. Often times, the 

combination of two could also be use to enhance overall efficiency of the power 

supply.  

2.1 Linear Regulator vs. Switching Regulator 

The concept of linear regulator is to have a variable resistor as a voltage 

divider, and having a control block to adjust variable resistor to provide adequate 

voltage output accordingly. It is often implemented with a PMOS as a pass 

transistor to have a low dropout voltage across pass transistor to provide better 

efficiency (shown in Figure 2.1).   

 

Figure 2.1: Conventional Linear Regulator 
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Linear regulator is often used for analog power supply since most of the analog 

circuits are sensitive to supply noise. The efficiency of the linear regulator, ηLDO is 

defined as 

 Qoutin

outout

inin

outout

in

in
LDO IIV

IV

IV

IV

P

P








    (2.1) 

where IQ is the quiescent current of the linear regulator.  From the Equation 2.1, it 

shows that if IQ, quiescent current of the linear regulator is negligible, then the 

LDO (Low-Drop Out linear regulator) efficiency would mainly depend on output 

and input voltage ratio. Thus, the peak efficiency could be obtained only if the 

output voltage is as close to as to input voltage. If the output voltage is half of the 

input voltage, then the best LDO efficiency is approximately 50 percent, which is 

not an efficient power conversion. In Figure 2.2, as an example from Maxim 

applications notes, at 3.6 V supply and 1.5V output, both 1MHz and 4MHz buck 

converter have much better efficiency over wide range of load current. 

 

Figure 2.2: Linear Regulator Efficiency vs. Switching Regulator Efficiency [3] 



7 
 

 

 
Another drawback of the linear regulator is that it can only step-down from 

input voltage, it cannot step-up voltage above input voltage. However, they can be 

designed to reject supply ripples and thus can be used as a filtering regulator on 

noisy supplies. Hence, it can be used for supply sensitive circuit such as RF circuit, 

PLL, and data converters. 

Switching regulator as illustrated in Figure 2.3, however, has better efficiency 

over wide range of input and output voltage. One can image that the control loop is 

regulating the output voltage by adjusting the duty cycle of the square pulse wave 

(Pulse Width Modulation), which will maintain the average value of output 

voltage over time. Switching regulator also can step-up or down from the supply 

voltage, which helps systems that requires different voltage supplies. However, 

due to all the switching activities during regulation, it will generate switching 

ripple at its switching frequency and also switching harmonics. Table 2.1 provides 

comparison of linear regulator and switching regulator. 

 

Figure 2.3: Simplified Buck Converter 
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Table 2.1: Comparison of Linear Regulator vs Switching Regulator 

Comparison of Linear Regulator and Switching Regulator 
  Linear Regulator  Switching Regulator 
Conversion 
Ability 

Steps down only Steps up, down or inverters 

Efficiency Poor to Medium  High (usually > 90%) 

Noise/ Ripple 
No Ripple/ better 
PSRR 

High (switching ripple) 

Design 
Complexity 

Low Medium to High 

Cost Low 
High (off chip components, L 
&C) 

Size Small 
Larger (Onchip PowerFets, 
Control loops) 

 

2.2 Converter Topologies 

Switching regulators has the abilities to step down and step up voltage from the 

supply voltage. There are three different types of topologies for the switching 

regular: step-down (buck), step-up (boost), and step-up and down (buck-boost).  

2.2.1 Buck Converters  

The buck converter is also called step-down converter. It has the ability to 

step-down to a lower average output voltage (Vout) from a DC input voltage 

(Vin).  Both high-side switch and low-side switch can be implemented with power 

MOSFET (synchronous) as shown in Figure 2.4 (a) or the low-side switch can be 

implemented with a diode.  

The operation of a buck converter can be described as follow. The L and C is 

being used an energy storage elements, as the pulse width modulation operates 

(providing duty cycle ratio), the high-side switch and low-side switch charges and 
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discharges the inductor switching node shown as Figure 2.42 (b). As a result, the 

switching voltage at Vsw is being filtered by the second order LC filter, and 

produces an average DC voltage at the output with attenuated AC ripple voltage.  

By neglecting the losses due to parasitic, the ideal dc output voltage of the 

buck converter in continuous conduction mode is given by 

inout VDV       (2.2) 

Where  

OFFON

ON

tt

t
D


     (2.3) 
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Vref

R1

R2

 

Figure 2.4: (a) Synchronous Buck Converter; (b) Switching Waveform at 
Switching Node 

 
 

Hence, Equation 2.3 shows that by varying the duty cycle, D, of the pulse 

width, the output voltage can be controlled. In order to have smaller ripple voltage 

at the output of the converter, the corner frequency of the LC filter is designed to 

be much less than the switching frequency. 
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2.2.2 Boost Converters  

The boost converter as shown inf Figure 2.5(a), is also known as step-up 

converter. It provides ability to produce higher average DC output voltage (Vout) 

from a DC input voltage. Unlike buck converter which draws current from the 

voltage source during the on-time, the boost converter draws current from the 

voltage during both on-time and off-time.  

RLoad

Deadtime

Vin

Vout

PWM

(a)

L

C

Vind

t
tON tOFF

Vin

DTS (1-D)TS

Vout

t

VPWM

(b)

Vsw

Vref

R1

R2

 

Figure 2.5: (a) Synchronous Boost Converter; (b) Switching Waveform at 
Switching Node 
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The operations of boost convert can be thought as a charge storing-then-

transfer mechanism.  As indicated in Figure 2.5(b), during the on time of the 

switching cycle. The high-side switch turned off and low-side switch turned on, 

and the capacitor is supplying charges to the load. At the same time, the inductor is 

being charged and storing the energy during this cycle. During off time of the 

switching cycle, high-side switch is now conducting and low-side switch is off.  

The energy stored in inductor from the first half of the cycle is being transferred to 

capacitor to provide charge required to regulate the output voltage.  

The boost converter DC transfer function in continuous conduction mode is 

given by [4] 

DV

V

in

out




1

1
     (2.4) 

Hence, the DC transfer function of the boost converter is not a linear function of 

the duty cycle. 

2.2.2 Buck-Boost Converters  

The buck-boost configuration can be thought as a cascade buck converter 

and boost converter. Depending on the configuration, it can have either inverting 

output or non-inverting output (buck and boost).  

For the inverting operations, it is illustrated in Figure 2.6(a).  As the switch, 

S1 is turned on as shown in Figure 2.6(b); the current is charging the inductor right 

away, and the direction of the inductor current is from the voltage source to 

ground. During the second phase of the switching; S1 is open, and the diode is 
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now conducting (Figure 2.6(c)).  The current is now flowing from ground to 

charge the output capacitor.   As a result, the inverting buck-boost has negative 

output voltage and act as a negative supply. The dc voltage transfer function is 

given by [4] 

D

D

V

V

in

out




1
     (2.5) 

 

Figure 2.6: (a) Asynchronous Boost Converter; (b) On-time Switching Cycle, S1 
turned on; (c) Off-time Switching Cycle, S2 turned on 
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The other configuration is the cascaded buck and boost converter as shown 

in Figure 2.7(a), which is also known as non-inverting buck-boost converter. The 

non-inverting buck-boost has 3 modes of operations: buck, boost, and buck-boost 

depending on the input and output conditions.  

When input voltage is larger than output voltage, the buck-boost converter is 

operating in the buck mode as illustrated in Figure 2.7. Leaving Switch 4 always 

on, and switch 3 is always off. Only Switch 1 and 2 are being switched by the 

PWM control signal.  

If input voltage is less than output voltage, the buck-boost converter is 

operation in the boost mode. Switch 1 is always on and the switch 2 is always off 

under this condition. Only switch 3 and 4 will be drive by the PWM control signal.   

However, as the input voltage approaches closer to the output voltage, the 

duty cycle for either buck or boost converter might be saturated. It would lead to a 

short between input and output, and losing regulation and efficiency. Hence, all 

four switches are operated in a way that makes it behave like a buck-boost 

converter as shown in Figure 2.7(b), 2.7(c), where Dbuck and Dboost would not be 

saturated. Since the inductor is being switched with the different polarity, the 

inductor current is always flowing toward to output direction. This configuration is 

suitable for mobile applications, where the battery voltage could range from 5 

volts to 2.5 volts. The dc transfer function during buck-boost is  
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D

D

V

V

in

out




1
     

 (2.6) 

S1

S2 S3

S4

Vin

Vout
L

C
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Vout
L

C
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S4

Vin

Vout
L

C
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IL

IL

(a)

(b)

(c)  

Figure 2.7: (a) Synchronous Non-inverting Buck-Boost Converter; (b) Buck-Boost 
Operates During On-time Cycle; (c) Buck-Boost During Off-time Cycle 

 

2.3 Voltage Mode and Current Mode 

The feedback control methods for switching regulator can be in either voltage 

mode or current mode. Both voltage mode and current mode control methods can 

be used for many different applications. 
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The voltage mode control uses voltage output of the switching regulator to 

provide voltage feedback for the PWM. The voltage mode feedback control 

consists of compensation network, error amplifier, sawtooth waveform generator, 

deadtime controller, and drivers for both high-side and low-side switches, shown 

as Figure 2.8.  

 

Figure 2.8: Synchronous Buck Converter in Voltage Mode Control (VMC) 

 
 

The basic operation of voltage mode control is illustrated in Figure 2.9. As the 

output load changes, the output voltage is first being compared to a reference 

voltage to produce error signal through the error amplifier. Once the error signal is 

generated, the error signal will be compared with a sawtooth waveform generated 
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from a fixed clock to provide the duty cycle information to regulate the output 

voltage.  

 

Figure 2.9: Operation of Synchronous Buck Converter in Voltage Mode Control 
(VMC) 

 
 

By analyzing the open loop response, a simple transfer function can be derived 

to show that the L and C network forms two complex poles and a zero, which is 

illustrated in Equation 2.7, and Figure 2.10. These poles will have -40 dB roll off 

after corner frequency where the phase shift could reach 180°, making it hard to 

compensate it and degrading the loop bandwidth (Shown in Figure 2.11).  In order 

to achieve high loop bandwidth, it is necessary to design a good PID (type III) 

compensation network to have good transient response. 
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Figure 2.10: Complex Poles Formed By RC Filter in VMC 

 
 

 

Figure 2.11: Open loop AC Response of Uncompensated VMC&CMC [5] 

 
 

Unlike the voltage mode control which is solely depending on error voltage 

from the output to generate necessary PWM signal, the current mode control 

illustrated in Figure 2.12, uses both error voltage from the output and inductor 

current to generate PWM control signal. The current mode control uses the 
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inductor to act as a lossless voltage control current source (VCCS). This is done by 

having a current sensing block across the inductor to generate the ramp. 

 

Figure 2.12: Synchronous Buck Converter in Current Mode Control (CMC) 

 

As the load current changes, the output error voltage will be amplified and 

compare directly with the ramp generated by current sensing block. Once the 

control signal is generated it is then going through a set/reset latch with a fixed 

clock. Thus, the feedback control signal is reset every switching cycle.  

From the signal flow point of view, the slope of the inductor current can be 

adjusted right away as the load current changes. It does not need to wait until the 

load current changes and having an effect of output voltage, and then going 

through voltage error amplifier to adjust duty cycles. Depending on the current 
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sensing method and applications, current mode voltage regulator can react to the 

output changes cycle by cycle or every half cycle.  Thus, current mode control 

would have a better transient response than voltage mode control.  

From the open loop response perspective, the L and C output in current mode 

feedback has an advantage over voltage mode feedback. In the current mode 

feedback, the inductor pole is being pushed higher frequency depending on the 

RESR value, as shown in Figure 2.13. As a result, the current feedback loop is 

behaving like a first order system, which makes it easier to design the 

compensation network for the current mode feedback loop.  

 

Figure 2.13: Poles Formed by RC Filter in CMC 

 
 

Current mode feedback also provides a “free” output overload protection, since 

the inductor current is part of the feedback loop.  However, the difficulties of 

designing a current mode control lies within the accurate current sensing design 

and the ramp/ slope compensation.  

As Figure 2.14 shows that after the compensation are being implement for both 

voltage mode control and current mode control, the current mode control will have 

higher loop bandwidth than voltage mode control. Thus, CMC will have better 

transient response than the VMC. 
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Figure 2.14: Open loop AC Response of Compensated VMC & CMC [5] 
 
 

Since the current sensing is in parallel with the power MOSFETs, it could also 

contribute a significant amount of the power loss under full load. Hence, the size 

of the senseFets has to be least 100 times less than the power MOSFETs to 

provide near lossless current sensing. In order to have an accurate current sensing 

and convert sensed current to a useful voltage signal, the current sensing may 

require a high bandwidth current amplifier. This might not be a significant amount 

of power loss under full load, but it could be one of major power losses during 

light load condition.  

2.4 Continuous Conduction Mode 

The continuous conduction mode refers to that the average inductor current is 

always larger than the inductor ripple current. In order to demonstrate the 

continuous conduction mode, a buck converter topology will be used.  
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In Figure 2.15(a), it shows a simplified asynchronous buck converter topology. 

By probing voltage and current waveform from the switching node, it can 

demonstrate the operation of buck converter in continuous conduction mode.  

In the steady-state of the buck converter the inductor current can be represent as  

)()( tiItI LLinductor     (2.8) 

where the IL is the dc components of the inductor current and ∆iL is the AC 

component of the inductor current.  The amplitude of the ∆iL can be found by 

using the definition 

 
dt

di
Lv L         (2.9) 

where v is the voltage difference between input and output of the buck converter 

and t is the on-time of the switching cycle (DTS). Thus, the current ripple is  
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2.5 Discontinuous Conduction Mode 

In order to illustrate the discontinuous conduction mode, the traditional 

asynchronous buck converter will be used as an example to explain such a 

condition. In the asynchronous buck converter, a diode is used for the low-side 

switch as shown in Figure 2.15(a). The inductor current is composing of the dc 

current and ac ripple current. As the load current is at the full load, the average 

current is much higher than ΔIL, the inductor current would remain positive and 

flow continuously to keep output regulated at the fraction of the input voltage. 



23 
 

 

However, as the load current decreases, dc load current will also decrease 

accordingly and the inductor current will flow continuously until it is reached to 

boundary condition, which is shown in Figure 2.15(b), and 2.15(c). When the dc 

current is smaller than the ac current ΔIL as illustrated in Figure 2.15 (d), the 

inductor will supply the store energy to load capacitor until the load current 

reaches to zero point, the diode will then turn off to prevent the inductor current 

reverse direction, and will remain off, keeping the inductor current at zero until the 

next charging cycle. Hence, discontinuous conduct mode is to describe that the 

inductor current will remain zero for finite period of time.  

By substitute equation 2.2 into equation 2.10, ripple current can also be written 

as  

L

TDDV
i sin
L 2

' 
      (2.12) 

Since output current is Io= IL =DVin/RL, and I > ∆iL is in CCM and I > ∆iL is in 

DCM, and by solving equation 
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' 
     (2.13) 

A parameter K can be derived and used as a measurement for tendency of a 

converter to operate in DCM. Where K is 

'2
D

TR

L
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      (2.14) 

Thus, if D’ is the critical point and define as Kcritical, then when K > Kcritical 

would show that the converter is operating in CCM. Similarly if K < Kcritical , then 
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the converter would be operating in DCM. During this the DCM, the dc voltage 

transfer function is given by [4] 
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Figure 2.15: (a) Asynchronous Buck Converter; (b) Average Inductor/ Load 
Current Decreases But Still Operates in CCM (c); Boundary of Continues 

Conduction Mode and Discontinue Conduction Mode; (d) Discontinue Conduction 
Mode 
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3 Non-idealities of Switching Regulators 

The non-idealities of the switching regulators can greatly affect the efficiency 

of converters. By understanding each non-ideality, optimization of high efficiency 

converter design can be achieved.  Hence, this chapter will describe the losses due 

to all the non-ideality.  

3.1 PWM Loss Analysis 

3.1.1 PWM Conduction Loss 

During the continuous conduction mode or under full load condition, the 

main contribution of power losses are the conduction loss of the on-resistance of 

high-side (Rds,pmos), low-side(Rds,nmos) switches and the series resistance of the 

inductor (RESR,L).  

When operates in the continuous conduction mode, the high-side and low-

side switch are turned on and off depending on the duty cycle. Hence, the average 

resistance for high-side and low-side switch can be expressed as the on resistance 

multiplied by the duty cycles. Thus, the total on-resistance of high-side and low-

side switches throughout the switching period can be written as: 

)1(,,, DRDRR nmosdspmosdstotalds     (3.1) 

The load current is also is also the same as average inductor current in 

steady-state. Thus, total loss due to on-resistance and series inductor resistance is 

given by 

  2
,,,,

2
, )1( outLESRnmosdspmosdstotaldsoutronLoss IRDRDRRIP    (3.2) 
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Hence, the switch sizing can be determined depending on target efficiency at the 

particular load current.   

3.1.2 PWM Switching Loss 

The switching loss of the dc-dc converter is mainly due to the parasitic 

capacitors at the switch node and the driver nodes as shown in Figure 3.1. It can 

break down into two categories: hard switching loss and soft switching.  

 

Figure 3.1: Parasitic Capacitors of the Switching Node and Gate Drivers 
 
 

One of the major switching losses in continuous conduction mode is the hard 

switching loss. This phenomenon is caused by parasitic seen by the switching 

node. As the transistor switches on and off, the voltage and the current of the 

transistor cannot change simultaneously. Thus, the voltage across drain and source 

of the MOSFET and the current transistor would have a time of overlapping as 

shown in Figure 3.2. Thus, hard switching loss of the a switch can be written as 
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Thus, Equation 3.4 shows that the hard switching loss is not only depending on the 

switching frequency but also depending on the load current. 

 

Figure 3.2: Overlapping of VDS and IL Resulting in Power Loss 
 
 

Since the switch size has to be relatively large to handle the load current 

with proper on-resistance, the capacitance associated with it at the switching node 

could be quite significant. 

The parasitic capacitors at the switching node, Vsw, is compose of the 

drain to body capacitance of the power MOSFET and also the parasitic 

capacitance from the inductor, packaging and PCB traces. Each of the gate drivers 

also has significant amount of parasitic capacitance associated with it; mainly gate-

to-source capacitance, Cgs and the miller capacitance (1+A)*Cgd, where A is the 

inverter gain of 1. Thus each inverter would have capacitance seen as the 
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following expression. The total capacitance seen by each driver can be express as 

follow: 

dbgsgdoxtotal CCCCC  2    (3.5) 

Thus, the gate driver loss for each stage can be given by 

sindbgsgdoxsintotal fVCCCCfVCswPs  22 )2(,   (3.6) 

The gate driver loss is also called soft switching loss. It is solely depending 

on the switching frequency. Under the continuous conduction mode, the most 

dominate switching loss is due to the hard switching loss, since it is proportional to 

current and switching frequency. However, under the light load condition, the 

most dominated switching loss is due to the gate drive loss. 

3.2 PFM Loss Analysis 

3.2.1 PFM Conduction Loss 

During the PFM operation, the output is being charge as needed. Thus, the 

average inductor current and load current must be smaller than the ripple current. 

As the output is being charge only when needed, the conduction loss of a buck 

converter would only occur at the time the output is being charged.  

Hence, by Equation 3.1, one can observe that as load current decreasing to 

tens of milli-ampere range, the conduction loss would not be a dominate source of 

losses. Using the switching frequency equation from 2.12, the conduction loss can 

be written as 
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where D1 is the on-time of the DCM, and D2 is the off-time of the DCM. 

From the Equation 3.7, it shows that the conduction loss is proportional to 

the switching frequency, peak current and output voltage. Thus, as the load current 

decreasing to the light load condition, the conduction loss is no longer the 

dominate power loss.   

3.2.2 PFM Switching Loss 

Since the hard switching loss is proportional to the switching frequency and 

the load current, it is less of a concern in the PFM. Thus, the main source of power 

loss is due the gate drivers switching loss, dead-time, and quiescent current of the 

controller.  Hence, to better improve the efficiency in PFM, dead-time, gate driver 

loss and controller must be optimized.  The total power loss of gate drivers can be 

written as 

sindbgsgdox

nn

swtotoal fVCCCCP   2

1
, )2(   (3.8) 

where n is number of the driving stage, α is the taper factor. 

3.3 Dead-time Loss Analysis  

Dead-time loss is referring to that between the non-overlapping clock, both 

high-side and low-side switches are off. The body diode of low-side switches 

would be turned on in order to keep continuous current flow of the inductor.  Both 
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pulse-width modulation and pulse frequency -modulation exhibit dead-time loss. It 

is given by [6] 

)(*** 21 diodediodesLDDeadtime ttfIVP     (3.9) 

Where tdiode1 and tdiode2 refer to the body diode conduction time for low side switch, 

VD is the forward voltage of the NMOS body diode. From the Equation 3.9, it 

shows dead-time loss is depending on the switching frequency, diode voltage drop, 

load current, and the duration of dead-time. 
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4 PWM and PFM Architectures and PFM Literature Review 

4.1 PWM Architectures  

There are many different way of control technique, such as fixed  frequency in 

current mode or voltage mode, variable frequency control in current mode or 

voltage, and constant on-time or off-time in either current mode or current mode. 

However, depending on the architectures, it can enhance transient response or 

having a fix frequency over a wide input range. This section would discuss the 

benefit of two major PWM generation architectures. 

4.1.1 Conventional PWM  

Conventional PWM requires an error amplifier, sawtooth generator, dead 

time controller and drivers. Since the LC network provided a second order filter, 

the conventional PWM is required to have compensation network with error 

amplifier to ensure the loop stability.   

As mentioned from earlier chapter, it can either be implemented in voltage 

mode or current mode, which requires a clock for sawtooh waveform or a clock for 

SR latch. Since the loop have to be at least ten times slower than the switching 

frequency to ensure the loop stability, the switching frequency is set by choosing 

proper inductance and capacitance value base on converter specification. Thus, the 

switching frequency can be set by:  
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4.1.2 Hysteretic PWM 

Hysteretic PWM, however, is a much simpler control mechanism. It only 

requires a hysteresis comparator, and drivers to regulated output voltage as shown 

in Figure 4.1. Although the control mechanism is much simpler than conventional 

PWM, there are some advantages and disadvantages that come with this 

architecture.  

The advantage of the hysteretic control architecture is its ability to response 

to load change instantly. In the conventional PWM, the loop response have to wait 

until the error voltage is being amplified and then went through compensation 

network and compared with saw tooth waveform to generate proper duty cycle to 

regulate output.   Hysteretic PWM, however, can charge the output directly to the 

desired voltage as the hysteresis comparator sensed the output voltage below the 

lower threshold level.  By charging and discharge to higher and lower threshold, 

the mechanism provide a rapid transient response. However, this simplicity of 

control method does come with server disadvantage. 
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Figure 4.1: Hysteretic Buck converter 

 
 

By investigating the switching frequency for hysteretic buck converter, one 

can get better insight of hysteretic buck converter.  The switching frequency is 

given by [7]: 
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Where Vout = output voltage 

 Vin = battery input voltage 

 ESR = the equivalent series resistance of the capacitor 

 ESL = the equivalent series inductance of the capacitor 

 td = the delay of the control loop 
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 VHys = the hysteresis window 

 L = the inductor 

 Co= the capacitor  

From the Equation 4.2, it can be shown that switching frequency is 

strongly depends on the input and output voltages, ESR, delay of the loop, 

hysteresis window, and the inductor value. Since the frequency is strongly 

depending on the input and output voltages, if without any improvements, it is less 

ideal switching regulator topology to be used. The mobile cellphone battery can 

vary for 5.5 volts to 2.7 volts, as shown in Figure 4.2, causing the undesired 

frequency variation. 

 

Figure 4.2: Different Types of Battery Voltage Variation vs. Percent of 
Discharging [8] 
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4.2 PFM Architectures 

Pulse frequency modulation (PFM) is often used at light load conditions. Since 

the switching loss is the dominate loss at light load condition, it is logical to reduce 

the switching loss by reduce the frequency (charge the output node when it is 

needed).  

As the load current decreases, the average inductor current will also decreases 

proportionally. However, as the ripple inductor current goes below the zero point, 

the low-side switch in the synchronous switching regulator will remain turned on 

and causing inductor current to reverse. In order to prevent such phenomena, an 

emulation of asynchronous switching regulator as shown in Figure 2.15(a), can be 

implemented in synchronous switching regulator topology. The following section 

will briefly describe two of the PFM architectures. 

4.2.1 PFM (Single Pulse PFM) 

One of the methods to realize discontinuous conduction mode is to use zero 

voltage detection circuit to prevent inductor current goes into reverse. It is realized 

by having a comparator at the inductor switching node to detect the switching node 

voltage (Figure 4.3). As the voltage at switching node changes from negative to 

positive, a pulse is generated to turn off the low side switch as shown in Figure 

4.4. Conceptually, single pulse PFM is governed by 3 parameters: upper hysteresis 

window, lower hysteresis window and zero voltage/current detection.   
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Figure 4.3: Single Pulse PFM Architecture  

 
 

 

Figure 4.4: Waveforms of Single Pulse PFM 

 

 



38 
 

 

4.2.2 Multi-Pulse PFM (Burst Mode PFM) 

Since the single pulse PFM cause short burst of inductor current, often time 

it is not desired to have free running peak inductor current. Thus, burst mode PFM 

is another way of implementing pulse frequency control loop as shown in Figure 

4.5. The main difference is that the burst mode PFM has a current sensing to limit 

the inductor current, which is another parameter that governs the PFM operation 

[9].  

As illustrated in Figure 4.6, when the inductor current reached peak current 

limitation, PMOS will be turned off to disable charging of the output and NMOS 

will be turn on to allow inductor to decrease to zero point. During this time of 

operation it very similar to PWM, the only condition that is not the same is that the 

output voltage during this period is never reached to upper hysteresis window.  

Once the output voltage is charged to the upper hysteresis window, the 

operation of the loop becomes similar to single pulse PFM. It prevents the inductor 

current from going into reverse direction, and turn off both switches to allow load 

current to discharge output voltage until the output voltage reaches lower 

hysteresis window.  



39 
 

 

L

C

DeadTime 
& PFM 
Logic

Vctrl

Vctrl PWM 
Control 
Loop

R1

R2

ILoad

VHigh Side

VLow Side

VSW

Isense

Vin

Vout

 

Figure 4.5: Multi-Pulse PFM Architecture 

  

 

 

Figure 4.6: Waveform of Multi-Pulse PFM [9] 
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4.3 Literature Review of PFM Efficiency Improvement 

Technique 

There are several methods of PFM efficiency improvement technique being 

developed over pass a decade. This section will provide a brief overview of each 

technique.  

One of the earlier techniques is to have variable supply voltage for the gate 

drivers by V. Kursun [10]. Since the switching of the gate driving loss under PFM 

is the most dominate source of losses, having an optimal low voltage gate swing 

can greatly reduced the gate driver switching loss. By varying the supply voltage 

of the tapered inverters as illustrated in Figure 4.7, it provides the trade off 

between the switching loss and conduction loss.  

 

Figure 4.7: Low Voltage Gate Swing DC-DC Converter 
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Another proposed technique is called segmented or width switching proposed 

by W.T. NG [11] and  S. Musunuri [12]. The idea behind the segmented or width 

switching is to reduce the size of high-side and low-side switches as a function of 

the load current, to reduce the switching loss of the gate driving. The idea behind 

the segmented or width switching is also similar to the low-voltage swing gate 

drivers, which is finding an optimal point for both conduction loss and switching 

loss.  

Φ1

_
Φ1 Φ3

_
Φ3 Φn-1

_
Φn-1 Φn

_
Φn

To Inductor Node

To Dead-time

1x 42x 4n-2x 4nx

 

Figure 4.8: Width Switching Proposed by [12] 
 
 

However, the technique proposed in S. Musunuri as shown in Figure 4.8, only 

optimized the width of the high-side and low-side switch without optimizing the 

drivers, thus, its switching loss reduction are limited. The technique proposed by 

W.T. NG optimized both switch sizing and drivers, which provides better 

switching loss reductions. The benefit of using segmented or width switching, is 

that it does not require separate power supply and would be able to scale the width 

with wider range of light load current.  
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5 Architecture of Hysteretic Buck Converter 

5.1 System Overview of Hysteretic Buck Converter  

As discussed in the previous chapter, by switching to PFM mode under light 

load condition, it will further extend the converter efficiency across wider range of 

the load current. Hence, this technique will extend the battery life when the mobile 

devices are operating under standby mode.  However, this is done so with a 

penalty in mind, which is the spread in switching harmonics.  

Under the light load condition, switching frequency is a direct function of the 

load current. A simulation result shown in Figure 5.1, demonstrates that the 

switching frequency is proportional to the load current.  As the load current varies 

within the light load condition, the frequency is highly unpredictable.  

 

Figure 5.1: As a Function of Load Current 
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One of the methods to suppress these switching noises is to design the filter 

cutoff low enough such that switching tones are pushed outside of band of interest. 

However, it will increase the overall components cost since low frequency filter 

requires large LC components [1]. 

Hence, this research proposes a new architecture that will overcome this 

problem by limiting the band of switching frequency. The proposed architecture as 

shown in figure 5.2, limits the switching frequency between 1 and 2 MHz while 

maintaining the efficiency profile similar to that of the PFM.  

Since the switching frequency is inversely proportional to the square of peak 

current, the variation in switching frequency could be controlled by controlling the 

peak current.. For example, if a tank requires a bucket to fill it up every sixty 

minutes, then one can use a bucket that is ten times less than the original bucket to 

fill it up every six minutes. Therefore by switching the converter at higher 

frequency and reducing the peak current will maintain the average current flowing 

through the inductor. This could be achieved by adjusting the hysteresis window of 

the hysteretic buck converter as output voltage ripple is a direct function of the 

peak current of the inductor.  As a result, increasing or decreasing the hysteresis 

window, peak current can be increased or decreased under light load condition and 

thereby changing the frequency of the hysteretic buck converter.  

 In order to limit the switching frequency between 1 to 2 MHz, variable 

hysteresis control is enabled when hysteretic buck converter goes into pulse 

frequency modulation (PFM) mode. A 16 MHz external clock is used in the 
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hysteretic buck converter to detect the switching frequency variation as load 

current varies. At the same time, the width switching technique is also used to 

reduce the switching loss of the drivers, hence maintaining the switching loss as 

close as free running pulse frequency modulation (PFM).  

 

 

Figure 5.2: Overall Architecture of Hysteretic Buck Converter 

 

5.2 Frequency Detection and Control Loop 

The switching frequency is detected by counting the pulses at the output of 

hysteresis comparator. Based on the number of pulses being counted, the switching 

can be determined and the detection loop will make hysteresis adjustment 

accordingly. Depending on the resolution requirements, a faster external clock can 
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be used to provide higher pulse count and have more precise frequency control. 

The overall frequency detection algorithm is presented in Figure 5.3.  

By counting the pulses within a switching period of time, if more than 16 pulses 

are being detected, a signal will be sent to increase the hysteresis window so as to 

increase the switching frequency. Similarly, if less than 8 pulses are being 

detected, a signal will be sent to decrease the hysteresis window so as to decrease 

the switching frequency. These steps would be repeated until pulse count is 

brought in between 8 to 16 pulses as the load current changes. 

 

 

Figure 5.3: Algorithm for Frequency Detection and Control Loop 
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In order to ensure the stability of the hysteretic buck converter, the frequency 

detection and hysteresis window update has to be much slower as compared to the 

hysteretic buck converter loop bandwidth. Thus, a 4 bit counter is used to enable 

frequency detection and hysteresis window is updated every 14 cycles as shown in 

Figure 5.4, which gives enough time for the output switching frequency to settle 

and to have correct frequency detections.  

A 5 bit counter is used to detect the frequency by counting the pulses given in 

one switching period of time. The original design is to have 4 bit counter to detect 

the frequency. However, in order to prevent possible over flow (longer period than 

anticipated) a 5 bit counter is used in this case. The pulse counter is reset two 

cycles before the pulse counting begins, and having all the information stored in a 

5 bit register.. The overall counting architecture is illustrated in Figure 5.5.  

Once the information is stored in the register at the positive edge of the 16th 

cycle, decision logic will then determine whether the switching frequency is within 

1 to 2 MHz band. If the frequency is below 1MHz or above 2MHz, the control 

information will pass down to an up/ down counter at negative edge of the 16th 

cycle to make the hysteresis window adjustment. Since the up/ down counter is 

used to control the hysteresis window, it is necessary to saturate the output of the 

up/ down counter once it reaches its lowest value or highest value.  
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Figure 5.4: Timing For the Frequency Detection and correction Loop 

 
 

 

Figure 5.5: Frequency Counting and Decision Block 
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5.3 ActiveFET Control Loop  

Since the system’s quiescent current is a critical factor to achieve high 

efficiency dc-dc conversion at light load, the Active FET control loop will share 

the frequency detection loop to control the width of the power MOSFETs instead 

of sensing the load current. Since each step of hysteresis window will maintain the 

frequency above 1MHz for small range of load current, the size of power 

MOSFET is optimized at the lowest load current at each hysteresis window to 

minimize the switching frequency loss of the buck converter.  

Instead of having switches to disconnect the drivers and the power MOSFETs, 

the controller is designed to have multiple small drivers and PFM logics which 

allows a enable/ disable signal to activate the parallel power MOSFETs.  

5.4 Power MOSFET Optimization 

The power MOSFET is optimized at lowest current for each of the hysteresis 

window step. The optimized size of power MOSFET can be derived by taking a 

derivative of the total loss. The following equations are the derivation of optimized 

power MOSFET. 
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  (5.6) 

Where  

IL= Load Current 

Ron,p = PMOS switch on resistance 

Ron,n = NMOS switch on resistance 

Wp = Width of PMOS switch 

Wn = Width of NMOS switch 

l = length of the NMOS switch 

VDD = Supply/ battery voltage 

Kn' = mobility and oxide capacitance constant 

VGS = Gate to source voltage of NMOS switch 

VT = Threshold voltage of NMOS Switch 

CO = Oxide capacitance 

In Equation 5.6, it shows that the sizing of power transistors is a strong function of 

load current, supply voltage and other parameters, which is quite complex to 
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calculate the sizing for a particular light load current condition,. The best way to 

optimize the sizing for the light load condition is to go through iterations of 

plotting switching loss verses conduction loss or overall efficiency as function of 

power transistors width.  Also, this optimization equation does not take the driver 

switching loss into account. Hence, the best way to improve efficiency is to 

optimize the transistor width and driver size simultaneously. 
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6 Circuit Design 

6.1 Hysteresis Comparator Voltage Reference Generation 

The reference voltage is generated by a string of series resistors from the 

bandgap voltage reference as shown in Figure 6.1. Multiplexers are used to select 

between different voltage levels which is controlled by the signal of the up/ down 

counter output. As the frequency variation is detected, the multiplexer will keep on 

switch to different reference point incrementally until the switching frequency is in 

between 1~2 MHz or the up/down counter is saturated.  The kick back noise of the 

comparators could make the switching noise coupled all the way back to reference 

point, hence, a lowpass filter is added between each input terminal.  

 

Figure 6.1: Reference Generation 
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6.2 Hysteresis Comparator 

The original concept of hysteresis comparator was to integrate the hysteresis 

within one stage of comparator. However, the resolution of variable hysteresis 

could not meet the requirement for frequency control. Hence, a windowed 

comparator was used above to provide the upper and lower threshold of the 

hysteresis window. 

The hysteresis comparator was implemented by having two open loop 

comparators with an SR latch as shown in Figure 6.2. Since the hysteresis 

comparator has to serve as a voltage thresholds detection to generate pulse width 

modulation, minimal delay and high resolution is very crucial for the loop 

response.  

 

Figure 6.2: Hysteresis Comparator 

 
 

Thus, open loop comparators used for hysteresis generation are designed with 

internal positive feedback, as shown in Figure 6.3, to achieve rail-to-rail output. 

Since lightest load current is defined as 1mA, the power quiescent current target 

for the overall biasing should not exceed more than 10% of 1mA to maintain high 
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efficiency in DCM. An input offset resister is also added in aide to relax the 

comparator power requirement.  

 

Figure 6.3: Transistor Level Implementation of Comparators with Positive 
Feedback 

 
 
6.3 Zero Voltage Crossing Comparator 

Since the hysteretic buck converter operating under PFM does not have a clock 

and the switching frequency also varies across the load current under light load 

condition, the synchronous comparator (latched comparator which requires reset) 

would not be used in this case. An open loop comparator will be used in order to 

detect the zero crossing point as the switching node goes positive. 

In order to generate the control signal for PFM and to maintain PFM above 

1MHz without reducing the efficiency due to the reverse current, the zero voltage 

crossing comparator is required to have high resolution and low propagation delay. 

High resolution characteristics of the comparator helps to detect the smallest 

voltage change at the input of the comparator as the switching node voltage 

crossing the zero voltage point and  turn off the low-side NMOS switch to prevent 
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the loss due to reverse current. Once a small input voltage change has been 

detected, it is important to have less propagation delay to have output response as 

soon as possible to reduce the amplitude of the reverse current. 

A three stage comparator was designed to achieve high resolution and low 

propagation delay requirement [13] [14]. The first stage consists of a differential 

pair with resistive load, which allows the first stage amplifier to have lower gain in 

trade off for higher 3dB bandwidth, hence improving the overall 3dB bandwidth to 

have low propagation delay. The next two stages are essentially an uncompensated 

two stage opamp, which provides higher slew rate to provide fast rise time and fall 

time requirement. Since the quiescent current is an important parameter to the 

buck converter, the tail currents are limited to achieve ideal PFM response. Thus, 

offset voltage was introduced at the input of the first stage by using a resistor at the 

drain at one of the differential input transistor to meet the PFM response 

requirements. The three stages comparator is shown in Figure 6.4. PMOS input 

pair is chosen since the input is at near 0V for PFM control signal detection. 

Additionally, two inverters are used to drive the multiple PFM logic for the 

parallel drivers and signal conditioning. 
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Figure 6.4: Zero Voltage Crossing Comparator 

6.4 Dead-time Circuit  

In the synchronous switching regulator, if both PMOS and NMOS switch turn 

on at same time, it will cause a large current shorted directly to the ground, which 

is referred as shoot through current. It can reduce the overall dc-dc converter 

efficiency. It can be prevented by having a dead-time circuit to generate a non-

overlapping signal.. In figure 6.5, a fixed dead time circuit is used to generate non-

overlapping signal. Since the dead-time circuit has to be used in the parallel 

MOSFET architecture, it is also designed with enable/disable logic, which allows 

the dead-time circuit driver output high and low signal to PMOS and NMOS 

switches to disable the drivers. Thus, a portion of drivers can be disabled when the 

converter is going into light load condition and enabled when the converter is out 

of light load condition.  
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Figure 6.5: Dead-time Controller 

 
 

6.5 PFM Logic 

The PFM logic is required when the inductor current or switching voltage is at 

zero crossing point to trigger pulse-frequency modulation mode.  It is essential to 

prevent the inductor current from flowing into reverse direction and discharge 

from the low-side switch.  

The SR latch is reset whenever positive edge of high-side driver signal is 

detected, and set by the negative edge of Vctrl signal of the zero voltage crossing 

detector. By anding the control signal with original low-side driver signal, it will 

generate the output signal to turn off low-side switch when zero crossing voltage is 

detected. 
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Figure 6.6: PFM Logic 

 
 

6.6 Parallel Drivers 

The width switching technique presented in [12] shows a method to reduce the 

gate capacitance. However, charging and discharge of the gate capacitance of the 

power MOSFETs only contribute approximately 5% of the switching loss under 

light load condition. It shows that by only eliminating the switching loss of the 

gate capacitors of the power MOSFETs, it is not the most efficiency way of width 

switching.  Hence a new method of width switching is proposed in this research. 

Instead of having transmission gates to switch off the power MOSFET for 

width switching, this research proposes a parallel power MOSFET width switching 

that turns off both the driver and the power MOSFETs at same time in order to 

achieve optimal efficiency at light load condition. 

The idea is to use different driver to drive different optimal width of the power 

MOSFETs and depending on the load condition, drivers can be enabled or disabled 

by digital logic circuit under light load condition. However, there is also a problem 
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in utilizing this width switching mechanism. Although the gate capacitor as a 

function of  width of the power MOSFETs relationship is linear, the delay, on the 

other hand, is not linear with the scaled down driver. As a result, it causes more 

loss due to mismatch of the rise time and fall time at the gates of the power 

MOSFETs.  

Hence, instead of having different size of the width and drivers for each of the 

power MOSFETs, multiple of unit sized power MOSFETs are connected in 

parallel in order to form the optimized power MOSFET width. At same time, 

multiple of unit sized driver are used to drive each of the unit power MOSFET as 

shown in Figure 6.7.  

By utilizing this width switching scheme, it will guarantee matching between 

rise time and fall time at the gate of the power MOSFETs as shown in Figure 6.8, 

6.9, 6.10, and 6.11. When drivers are disabled, the drivers output for PMOS 

switches will remain high and the drivers output for NMOS switches will remain 

low. Thus, no dynamic power will be lost as the load current decreases, and the 

switching loss due to additional parallel dead-time logics used for all unit sized 

power switches, will also be reduced automatically.  
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Figure 6.7: Parallel Driver for Width Switching 

 

Figure 6.8:  High-Side Parallel Driver Rising Edge Simulation Results 
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Figure 6.9: High-Side Parallel Driver Falling Edge Simulation Results 

 
 

 

Figure 10: Low-Side Parallel Driver Rising Edge Simulation Results 
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Figure 6.11: Low-Side Parallel Driver Falling Edge Simulation Results 

 
 

6.7 Output Saturated Up/Dn Counter 

In most of the operating condition, the pulse counter would not be overflowed. 

However, during the load transient response, switching frequency will either 

increase or decrease dramatically according the load as the frequency control loop 

is much slower than the main hysteretic control loop. Under such a condition, the 

ripple counter would overflow providing false count information to frequency 

control loop which makes it unable to maintain frequency within 1MHz to 2MHz 

band.  In order to prevent such a condition, the pulse counter has to be saturated at 

both lowest count and highest count. The easiest method is to stop the input once 

the count is at the highest or lowest. Hence additional digital circuitries are added 
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to implement saturated ripple counter as shown in Figure 6.12. In Figure 6.13, it 

demonstrates the simulation result of the output saturated ripple counter. 

 

Figure 6.12: Output saturated Up/Dn Counter 
 
 

 

Figure 6.13: Simulation Result for Output Saturated Up/Dn Counter 
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7 Simulation Results 

An efficiency frequency controlled PFM for DC-DC converter is designed in 

0.5μm CMOS process. The target current range is from 1mA to 300mA with 90% 

peak efficiency. The simulated performance of the frequency controlled PFM buck 

converter is presented. 

7.1 Transient Simulations of Frequency Controlled PFM Buck 

Converter 

The transient simulation results demonstrated the time it take for frequency 

control loop to regulate the switching frequency within 1 to 2 MHz band. The 

simulation result in Figure 7.1 shows that it takes 778.4μS to regulate the 

frequency with 1 to 2MHz band as the load current vary from 300 mA to 1mA.  

 

Figure 7.1: Transient Response for Frequency Control from 300mA to 1mA step 
response 
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However, it only takes about 32.7 uS for frequency loop to regulate the 

frequency within 1 to 2 MHz from 1mA to 300mA step current. This is due to the 

fact that during the current step down (300mA to 1mA), the PFM is activated 

instantly and waiting for the output to drop below the lower hysteresis threshold. 

Also, the hysteresis window is much larger and it takes longer time to detect 

frequency of the buck converter for each frequency detection cycle.  

 

Figure 7.2: Transient Response for Frequency Control from 1mA to 300mA step 
Response 

 
 
In Figure 7.3, it demonstrates the operation of the zero voltage detection, 

preventing the inductor current goes below zero current point. As a result, the buck 

converter operates in the pulse frequency modulation mode.  
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Figure 7.3: Transient Response for Zero Voltage Switching (Output, Inductor 
Current and Switching Node)  
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7.2 Efficiency Plot of Frequency Controlled PFM Buck 

Converter 

In the Figure 7.4, it shows a comparison of frequency variation between PFM 

without frequency control, PFM with frequency control and PFM with frequency 

control and width switching. It shows that without width switch technique, the 

converter would only have 54% of efficiency as compare to the free running 

PFM’s 73% efficiency at 1mA. By utilizing width switching the PFM switching at 

1MHz was able to achieve 65% efficiency, which is 8% less than the free running 

PFM efficiency.  Figure 7.5 shows a zoomed in efficiency plot at load current from 

0mA to 50mA. 
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Figure 7.4: Efficiency Plot of PFM Architectures (1mA to 300mA) 
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Figure 7.5: Zoomed in Efficiency Plot of PFM Architectures (1mA to 50mA) 

 

 

 

 

 

 

 



68 
 

 

7.3 Switching Frequency Plot of Frequency Controlled PFM 

Buck Converter 

As Figure 7.6 shows, with the frequency control technique, the switching 

frequency can be limited between 1 to 2 MHz, as compare to free running PFM 

operates at 74 kHz at 1mA.   Since the hysteretic control is sensitive to the delays 

of the circuits, it could cause some variation in switching frequency resulting in 

overall curve shifting. Figure 7.7 shows a zoomed in frequency plot at load current 

from 0mA to 45mA.  
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Figure 7.6: Switching Frequency Plot of PFM Architectures (1mA to 300mA) 
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Figure 7.7: Zoomed in Frequency Plot of PFM Architectures (1mA to 45mA) 
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8 Conclusion 

In this work, an efficient frequency controlled PFM for DC-DC buck converter is 

proposed to improve the efficiency over wide range of load current with frequency 

control. The architecture optimized the efficiency by switching to optimal power 

MOSFET width at different load current. At the same time, hysteresis widow is 

also adjusted automatically to ensure the converter operates in between 1 to 2 MHz 

when operating under PFM mode. The converter operates at 2 MHz in CCM and 

between 1 to 2 MHz in DCM with an off-chip 3.3nH inductor and a 4.7uF 

capacitor. It has light load efficiency of 65% at 1mA, and full load efficiency of 

90% at 300mA. Table 8.1 Shows a summary of frequency controlled PFM design.  

Table 8.1: Performance Summary of Frequency Conrtolled PFM Design 

Performance Summary  

Input Voltage, Vin  3.6V 

Switching Frequency, fs  
2MHz, 1~2MHz in light 
load  

NMOS Device Width, Wn  8mm  

PMOS Device Width, Wp  16mm  

Inductance, L  3.3uH  

Capacitance, C  4.7uF  

Process 0.5μm 

Output Voltage 1.8V 

Efficiency @ 1mA (Free Running PFM) 72.84% (74KHz) 

Efficiency @ 1mA (w/ W.S. & F.C.) 65%       (1.04MHz) 

Current Range 1mA ~ 300mA 

Output Voltage Ripple  22mV 
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