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Sammanfattning 
Abstract 
In this thesis a predefined design parameters are used to present theoretical guidelines for design 
of low voltage, and low power DC-DC converter with high power efficiency and low levels of EMI 
(Electro-Magnetic Interference). This converter is used to alter the DC voltage supplied by the 
power source. Several DC-DC converters of different types and topologies are described and 
analyzed. Switched converter of buck topology is found to satisfy the design criteria most 
adequately and therefore is chosen as the solution for the task of the thesis. Three control schemes 
are analysed PWM (Pulse-Width Modulation), PFM (Phase-Frequency Modulation), and Sliding 
control. PWM is found to be most appropriate for implementation with this type of converter. 
Further, basic operation of the buck converter which includes two modes of operation CCM 
(Continuous-Conduction Mode) and DCM (Discontinuous-Conduction Mode) is described. Power 
losses associated with it are analysed as well. Finally several techniques for power conversion 
improvement are presented. 
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Abstract 
In this thesis a predefined design parameters are used to present theoretical 
guidelines for design of low voltage, and low power DC-DC converter with high 
power efficiency and low levels of EMI (Electro-Magnetic Interference). This 
converter is used to alter the DC voltage supplied by the power source. Several 
DC-DC converters of different types and topologies are described and analyzed. 
Switched converter of buck topology is found to satisfy the design criteria most 
adequately and therefore is chosen as the solution for the task of the thesis. 
Three control schemes are analysed PWM (Pulse-Width Modulation), PFM 
(Phase-Frequency Modulation), and Sliding control. PWM is found to be most 
appropriate for implementation with this type of converter. Further, basic 
operation of the buck converter which includes two modes of operation CCM 
(Continuous-Conduction Mode) and DCM (Discontinuous-Conduction Mode) is 
described. Power losses associated with it are analysed as well. Finally several 
techniques for power conversion improvement are presented. 
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1 Introduction 
1.1 Background 
Adaptively regulating the power supply voltage offers significant energy savings 
due to the energy’s squared dependence on power supply voltage for digital 
circuits. However, power supply voltage reduction comes at the expense of 
longer propagation delay of the gates. Hence, there is a trade-off between 
propagation delay and power consumption [3]. 
 
Performance of digital systems has been increasing rapidly, both due to higher 
clock frequencies and number of transistors. Unfortunately, the power 
consumption in digital systems has also increased due to increased number of 
devices. Hence, the power consumption is of primary concern. Modern high-
performance microprocessors can consume more than 100 W and require 
expensive cooling and power supply systems. The proliferation of portable 
devices also emphasizes the need for low power dissipation, to extend battery 
life time. 
 
The power consumption in synchronous CMOS digital systems is dominated by 
their dynamic power consumption, which is governed by the following equation 
 
Pdynamic = α Csw VDD Vswing fclk 
 
where α is the switching activity, Csw is the total switched capacitance, VDD is 
the power supply voltage, Vswing is the internal swing (usually equals VDD for 
most CMOS circuits), and fclk is the frequency of operation. The energy is 
 
E = α Csw VDD Vswing 
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Dynamically adjusting the power supply voltage to the minimum required for a 
given clock frequency, enables reduced power consumption. Previous solutions 
using this technique for adaptive power supply regulation demonstrate 
conversion efficiencies greater than 90% across a wide range of regulated 
voltage levels [6], [7], [9]. Possible power savings achievable by 
implementation of this technique are shown in figure 1. 
 

 
Figure 1: Power savings achievable by using adaptive power supply regulation. 

 
This technique is referred to as adaptive power supply regulation, and requires a 
mechanism that tracks the worst case delay path through the digital circuitry 
with respect to process, temperature, and battery voltage in order to determine 
the minimum power supply voltage required for proper operation. Expression 
“worst-case critical path” refers to the physical signal path in the circuit with the 
longest propagation time delay. Model of the worst-case critical path can be 
designed using a ring oscillator as described in [17]. 
 
In the literature several examples of this power saving technique have been 
reported. For example it has been applied to general purpose microprocessors 
and digital signal processing (DSP) chips for mobile and other applications 
where minimizing energy consumption is a priority. These systems commonly 
rely on the bursty nature of their operation to dynamically adjust the speed and 
power supply voltage in order to minimize the energy consumed for the required 
computational tasks. Furthermore, these systems employ both hardware and 
software based schemes to monitor the computational requirements of the 
system. 
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Adaptive power supply regulation can also be used for power optimization 
based on varying computational requirements of the parts within a chip. An 
extreme example is to partition large blocks within a digital chip and to operate 
them at their optimum clock frequency and power supply voltage. However, the 
overhead associated with communication between the blocks and to efficiently 
provide separate power supply voltages to them is a formidable challenge. A 
subset of this example would be to identify a block within a digital chip that 
consumes a significant part of the power and could operate at a lower power 
supply voltage. In other words, a block whose critical delay paths are much 
shorter than the rest of the digital chip such that, as a separate entity, it could 
operate at a much lower voltage for the same clock rate. 

1.2 The Task 
Primary task of this thesis is to present theoretical guidelines which describe 
procedures and techniques for design of variable low voltage, low power, and 
highly power efficient DC-DC converter with low levels of EMI (Electro-
Magnetic Interference). Selection of the adequate control scheme for the DC-DC 
converter is the secondary objective. 
 
The result of this work can mainly be used for implementation in digital circuits 
since these circuits are less sensitive for switching noise than their analog 
counterparts. It may also be used in wireless communication applications since 
EMI is kept low. As mentioned earlier, this includes general purpose 
microprocessors and digital signal processing (DSP) chips for mobile and other 
applications where minimizing the energy consumption is a priority. 

1.3 Method 
In order to complete the aim of this work, comparison of previous work in this 
field will be made. The outcome of this study is used to present the adequate 
procedures and techniques for design of a specific DC-DC converter which is 
part of an adaptive power supply regulation scheme. Analytical models of some 
basic circuits relevant for this work are presented. 

1.4 Delimitations 
Power efficiency of the circuit is the main priority in design process and should 
be high (around 90%). Input voltage Vin for the reference circuit is set to 2V and 
the average output voltage Vout is regulated between 1.9V and 0.9V in four 
approximately equal steps. The maximum output current is set to 50mA at 1.9V. 
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2 Switched DC-DC Converters 
2.1 Overview 
The main purpose of a DC-DC converter is to supply a regulated DC output 
voltage to a variable-load resistance from an unstable DC input voltage. DC-DC 
converters are commonly used in applications requiring regulated DC power, 
such as computers, medical instrumentation and communication devices. DC-
DC converters are also used to provide a stable variable DC voltage for DC 
motor speed control applications. 
 
There are three types of DC-DC converters in use today, linear converters, 
switched capacitor converters (also known as charge pumps), and switched 
converters. Linear converters can only generate lower output voltage from the 
higher input voltage [2]. Their conversion efficiency is never greater than 
Vout/Vin. In practice, most linear converters operate with typical conversion 
efficiencies of only 30% [18]. This is the major limitation which makes linear 
converters not suitable for the task of this thesis. However they are commonly 
used in analog circuits to ensure a constant (or nearly constant) power supply 
voltage. 
 
Switched capacitor converters implement switches and capacitors to perform 
voltage conversion. Since they do not use magnetic components like inductors 
the amount of EMI (Electro Magnetic Interference) is low which makes these 
converters suitable for applications which are sensitive to this phenomenon. 
However, in analyses presented in [4] it was shown that these converters are not 
appropriate for the applications which require the output voltage to be regulated 
between several different values. Switched converters operate by passing energy 
in discrete packets over a switch. Hence, the output voltage can be higher, lower 
or inverted compared to the input voltage. They offer higher power efficiency 
than their linear and switched capacitor counterparts [4], [18]. However, 
switched converters generate significant amounts of electrical noise caused by 
the switching activity. Presence of this phenomenon known as voltage ripple is 
their main drawback, fortunately this problem can be solved as it will be shown 
later in this section. 
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The output voltage in switched DC-DC converters is generally controlled using 
a switching technique, as illustrated by the basic switched DC-DC converter 
shown in figure 2. 

 
Figure 2: Basic switched DC-DC converter. 

 
There are tree main topologies of switched DC-DC converters used today: 
 
1. Buck or step-down converters are used to produce an output voltage between 

ground and the input voltage. 
 

2. Boost or step-up converters operate in the opposite manner compared to the 
step-down converters generating higher voltage at the output than at the 
input. 
 

3. Buck-Boost converters are used in applications where the output voltage is 
required to have levels both higher and lower than the input voltage. 
 

 
The most widely used method for controlling the output voltage through the 
switch (see figure 2) is pulse-width modulation (PWM). The pulse-width 
modulation control technique maintains a constant switching frequency and 
varies the ratio of the charge cycle (time when the switch is on) and the 
discharge cycle (time when the switch is off) as the load varies. This technique 
affords high power efficiency. In addition, because the switching frequency is 
fixed, the noise spectrum is relatively narrow, allowing simple low-pass filter 
techniques to greatly reduce the peak-to-peak voltage ripple at the output. This 
is a reason why, PWM is popular in telecommunication applications where noise 
interference is of concern [2]. 

2.2 Buck Converters 
As mentioned earlier, step-down converters are used to convert an input voltage 
to a lower level at the output. Basic principle of a buck topology is shown in 
figure 3. When the switch is in position one, the output voltage is equal to the 
input voltage and when the switch is in position two, the output voltage is equal 
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to zero. The resulting average voltage level at the output is a function of the time 
when the switch is in position one and two respectively. This function is called 
duty ratio and it is defined by the expression D = Vo/Vin, where Vo donates the 
average output voltage and Vin is the DC voltage generated by the power source. 
 

 
Figure 3: Basic buck topology. 

 
The main problem of this basic circuit is the voltage ripple of the output signal 
of the converter. For this reason a LC-filter is used to decrease the voltage 
ripple. This modified circuit is shown in figure 4. 

 
Figure 4: Buck topology, modified circuit. 

 
Since the average current through the load resistor R is approximately the same 
as the average current of the inductor, the voltage Vo across the load resistor 
contains less ripple. A diode is used when the switch is in position two. This 
allows the capacitor to be charged in both switching positions. When the switch 
is in position one the energy is transferred from the power source to the 
capacitor and when the switch is in position two the capacitor is charged with 
the energy stored in the inductor. This type of operation results in high power 
efficiency for buck converters. 
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2.3 Boost Converters 
A boost converter topology is obtained by rearranging the components of a buck 
converter according to figure 5. 
 

 
Figure 5: Boost topology. 

 
During the time the switch is closed energy is transferred to the inductor while 
the diode is preventing the capacitor to discharge through the switch. When the 
switch opens current through the inductor continues to flow in the same 
direction as during the previous cycle. This forward-biases the diode and both 
the input voltage source and the inductor are transferring energy to the load. 
Hence, a voltage boost occurs across the load, which causes the output voltage 
to be higher than the input voltage. The capacitor must be large enough to keep 
the output voltage approximately constant. 

2.4 Buck-Boost Converters 
Certain applications require voltage levels to be both higher and lower than the 
source voltage. A solution to this is a buck-boost converter. A simple buck-boost 
converter is shown in figure 6. 
 

 
Figure 6: Buck-Boost topology. 

 
The basic operation of a buck-boost converter is the following. When the switch 
is closed energy from the source is transferred to the inductor and the diode is 
reversed-biased, thus, it is off. At the same time the capacitor is discharged into 
the output load RL and the output voltage is falling. 

 10



Next, the switch is open and the inductor maintains the current direction. This 
forward-biases the diode. During this period the inductor is transferring energy 
to the capacitor. In other words, the capacitor is being charged as the inductor is 
being discharged, and the output voltage is rising. 
 
Previous discussion implies, that by adjusting the on time of the switch 
compared to the time of one switching period, the output voltage Vo can be set to 
either lower or higher levels than the input voltage Vs. If the ratio of the on time 
of the switch and the switching period approaches zero than the output voltage 
also approaches zero. If the ratio approaches one, than the output voltage level 
theoretically has no upper limit [19]. 

2.5 Converter Topology Selection 
It will be shown later that in order to obtain higher power efficiencies for low 
voltage low power converters the diodes in the converters described in previous 
sections should be replaced by an active switch Mn as shown in figure 7 (buck 
case). 
 

 
Figure 7: Buck converter with active switch Mn instead of diode. 

 
The basic converter topologies described earlier are a small subset of many DC-
DC converter topologies that have been reported in the literature. Other 
important classes of converter topologies include transformer-coupled circuits 
and soft-switching topologies, such as resonant converters. Although many of 
these topologies have important advantages in some applications, transformer 
coupling is usually unsuitable in portable systems, and soft-switching can be 
obtained without the use of resonant techniques. Thus, the basic topologies are 
appropriate for most portable applications [4]. 
 
In buck and boost converters, a part of the output energy is supplied directly 
from the input source, reducing the energy storage requirement of the inductor, 
and thus, its physical size. In a buck-boost converter, because none of the energy 
is transferred directly, it is transferred from the input into the inductor, and then 
in a separate portion of the cycle, from the inductor to the output, a larger 
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inductor is typically required in this circuit. Thus, the buck and boost topologies 
are generally preferred since the inductor is a significant part of the circuit area.  
 
Because of its more severe inductor requirements, a buck-boost topology should 
only be used for voltage polarity inversion, or in applications which require both 
up- and down-conversion of the input voltage source. 
 
Linear regulators and switched-capacitor converters, which have the advantage 
that they require no magnetic components (inductors), are analyzed in [4]. 
However, their power efficiency is fundamentally limited by the conversion 
ratio. They should therefore be used judiciously in applications where physical 
size and thereby the production cost are of far greater concern than power 
consumption, or where the conversion ratio is within a range that allows 
acceptable power efficiency. 
 
The discussion above implies that the most appropriate solution for the task of 
this thesis is the switched buck converter. Since, it offers high power efficiency 
over a wide range of regulated output voltage levels.  
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3 Control Schemes for DC-DC Converters 
Next step is to select a suitable control scheme for the buck circuit considering 
the high power efficiency requirements of this project. Three control scheme 
approaches will be analyzed and described in the following sections. 

3.1 Pulse-Width Modulation (PWM) 
The PWM control technique has been briefly described in section 2.1. It 
employs switching at constant frequency, i.e., Ts=ton+toff where Ts is constant 
time switching period and ton and toff represent the time the switch is on and off, 
respectively. By adjusting the ton/toff ratio the average output voltage can be 
controlled. This operation can be represented by the following equation 
 

in

out

s

on

V
V

T
t

D ==  where D donates duty ratio of the switch. 

 
A popular solution for generation of switch control signal is to compare Vcontrol 
with a repetitive waveform as shown in figure 8a and 8b. 
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Figure 8: Pulse-Width Modulation, a) system block schematics, b) control signals (source [5]). 

 
vcontrol is obtained by amplifying the difference between the actual output 
voltage from the converter and its desired value. The frequency of the repetitive 
waveform, represented by the sawtooth voltage in figure 8b, establishes the 
switching frequency. This frequency is kept constant in a PWM control. When 
the amplified error signal, which varies slowly with time relative to the 
switching frequency, is greater then the sawtooth waveform, the switch control 
signal becomes high, causing the switch to turn on. Otherwise, the switch is off. 
In terms of vcontrol and the maximum value of the sawtooth waveform  in 
figure 8b, the switch ratio can be expressed as 
 

stV̂

st

control

s

on

V
v

T
t

D ˆ==      (1) 

 
Lower power efficiency for small load is the main drawback of this control 
scheme [4]. The main advantage is the use of single switching frequency which 
makes the level of output ripple highly controllable. 
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3.2 Pulse-Frequency Modulation (PFM) 
One control scheme which obtains high power efficiency over a wide range of 
loads is pulse-frequency modulation (PFM). In this scheme, the converter is 
operated only in short bursts at small load as is conceptually illustrated in figure 
9. 

 
Figure 9: Pulse-Frequency Modulation, operation concept. 

 
Between bursts, both power switches, Mp and Mn in figure 7 are turned off, and 
the circuit is idle with zero inductor current. During this period, the filtering 
capacitor at the output sources the load current. When the output is discharged to 
a certain threshold V-, the converter is activated for another burst, charging Cf. 
Thus, the load-independent losses in the circuit are reduced [4]. Further, for 
smaller load current the idle time increases and thereby decreases power 
consuption. Output is regulated when the charge delivered through the inductor 
is equal to the charge consumed by the load. This implies that the inductor must 
be designed to be able to deliver the maximum charge consumed by the load 
during system operation. 
 
The major drawback of PFM control is that the switching period (the time 
between charge bursts) is a function of the load. Thus, the converter appears 
almost chaotic and the switching noise is unpredictable. This is not well suited 
for wireless communications applications. 
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3.3 Sliding Control 
The basic operation of the sliding control is shown in figure 10 where the output 
voltage, V, is the regulated output. 
 

 
Figure 10: Sliding control, system block schematics. 

 
The comparator switches the input to the buck converter based on the polarity of 
the compensator output, 
 
d(Vref-V)/dt+(Vref-V)/τ 
 
where Vref is the reference voltage. Unlike in PWM regulators, the switching 
frequency of the buck converter with sliding control is not fixed by an external 
source and is a function of Vref. The feedback is highly nonlinear due to the 
comparator. However, this kind of system can be intuitively understood by its 
phase portrait, as shown in figure 11. 
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Figure 11: Sliding control, system phase portraits. 

 
The buck converter contains two poles, so the feedback loop is a second-order 
system. The phase portrait in figure 11 describes the transient operation of the 
circuit by the time trajectories of the state variable, (V, dV/dt), with the time 
variable being implicit. The comparator introduces a boundary line,  
 
d(Vref-V)/dt+(Vref-V)/τ=0 
 
that divides the state space into two regions. In the upper region, the input signal 
to the buck converter is low and the state follows the light trajectory curves. In 
the lower region, the input signal to the buck converter is high and the state 
follows the dark curves. When certain, so called sliding condition on τ is met, 
the trajectories from both regions point towards the boundary line, and thus the 
state is constrained on the line. Therefore, the system operates approximately as 
a first-order system with the time constant τ. This ideal sliding control law 
forces the switching frequency to be infinitely high. Use of comparator with 
hysteresis like schmittrigger solves this problem. The comparator in figure 10 
drives the buck converter low when the compensator output is greater than +∆, 
and high when it is less than -∆. The larger the hysteresis, the lower the 
switching frequency and the larger the voltage ripple. Sliding control offers high 
power efficiency over a wide range of loads [9]. However, as in the case of 
PFM, switching frequency is not constant making noise control difficult. 
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Few actual implementations of sliding control in low voltage low power 
applications have been done so far. This makes it hard to fully evaluate potential 
of this control technique. Detailed theoretical description of sliding control is 
given in [20]. 

3.4 Control Scheme Selection 
In previous sections three control schemes have been presented. Their 
advantages and disadvantages compared to each other are summarized below 
 

• PWM 
Advantages:  
high power efficiency at large load, high noise and EMI control due to 
constant switching frequency. 
 
Disadvantages:  
lower power efficiency at small loads. 
 

• PFM: 
Advantages: 
high power efficiency at small loads. 
 
Disadvantages: 
variable switching frequency (noise and EMI problems in some 
applications). 
 

• Sliding Control 
Advantages: 
high power efficiency over a wide range of loads 
 
Disadvantages: 
variable switching frequency (noise and EMI problems in some 
applications). 

 
Since the solution (see section 1.2) of this thesis may as well be used in wireless 
communications applications PFM and sliding control scheme can not be 
considered as an alternative due to noise and EMI issues. For the interested 
reader, an example of application that uses PFM is given in [14]. Circuit 
implementation of sliding control is summarized in [9]. Comparison of the 
previous work where PWM have been used see [6-8] shows that PWM scheme 
is dominant in the field of low power, low voltage applications. The fact that 
most hand-held wireless communication applications are also the most common 
low voltage low power applications could be one reason for the popularity of 
this control technique. 
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If the power efficiency is considered, since it is one of the main priorities in 
design process of this solution, PWM provides solutions with power efficiency 
over 90% including control circuitry. 
 
Good noise and EMI emissions control are other advantages which make PWM 
suitable for implementation in this work. Furthermore, previous work done by 
other authors and designers on PWM control scheme provides a large 
knowledge base which can be used in design process. Therefore, a PWM control 
scheme is chosen for implementation in this project together with buck DC-DC 
converter topology. 
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4 Buck Converter, Modes of Operation 
When converter topology and control scheme have been selected it is time to get 
more familiar with two different modes of operation of buck converters. 
Continuous-conduction mode and discontinuous-conduction mode are the topics 
of this section. The converter is analysed in steady state, which means that 
voltage and current wave forms are represented by their average values over one 
switching period. Losses in the inductive and the capacitive elements are 
neglected in this analysis. 

4.1 Basic Theory 
Buck converters produce a lower average output voltage Vo than the input 
source voltage Vd. This type of converter is mainly used in regulated DC power 
supply. The circuit in figure 12a represents a buck converter with a strictly 
resistive load. Assuming an ideal switch, a constant input voltage Vd, and a 
purely resistive load, the output voltage Vo is illustrated in figure 12b. 
 

 
Figure 12: a) Simple buck circuit with resistive load b) The output voltage as a function of time 
(source [5]). 
 
The average output voltage can be expressed in terms of the switch duty ratio 
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Vo can be controlled by varying the duty ratio Ton/Ts of the switch. Also, the 
average output voltage Vo varies linearly with the control voltage, as is the case 
in linear amplifiers. This circuit has two major limitations. 
 
1. The circuit that is driven by the DC-DC converter would not just exhibit a 
resistive component but, also an inductive or capacitive part. With that in mind, 
the switch would have to absorb or to consume energy from the inductor and 
therefore it maybe destroyed. 
 
2. The output voltage varies between zero and Vd which is not acceptable in 
most applications. Using a diode or a rectifier (transistor Mn in figure 7) as 
shown in figure 13a solves the problem of energy storage. The output voltage 
fluctuations are attenuated by using low-pass filter consisting of an inductor and 
a capacitor. Figure 13b shows the waveform of the signal voi before the low-pass 
filter. This waveform consists of a DC component Vo and the harmonics of the 
switching frequency fs as depicted in the same figure. The magnitude response 
of the low-pass filter is shown in figure 13c. The cut-off frequency fc of this 
filter is much lower than the switching frequency fs, thus significantly 
attenuating the amount of ripple in the output voltage caused by the switching 
frequency. 
 
Also from figure 13a it can be observed that in a buck converter, the average 
inductor current is equal to the average output current Io, since the average 
capacitor current in steady state is zero [5], [11]. 
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Figure 13: a) Buck converter b) The signal voi before the low-pass filter both in time and frequency 
domain c) Magnitude response of the low-pass filter (source [5]). 
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4.2 Continuous-Conduction Mode (CCM) 
This mode of operation is defined by the condition that the inductor current is 
always greater than zero. The average output voltage in this mode of operation is 
expressed in (2). As the conduction of current through the inductor occurs 
during the entire switching period, the average output voltage is the product of 
the duty ratio and the DC input voltage. If all power losses associated with all 
the circuit elements are neglected, the input power Pd equals the output power 
Po. 
 

 
 
Therefore 
 

 
 
and 
 

od PP =

oodd IVIV =

DV
V

I
I

o

d

d

o 1
==      (5) 

 
According to (5) this circuit resembles a DC transformer based on the time-
integral of the inductor voltage which equals zero over one switching period [2]. 
This also implies that the areas A and B in the figure 14 must be equal. The 
operation of the circuit shown in figure 13a in steady state consists of two states 
as illustrated in figure 14. The first state, shown in figure 14a, when the switch is 
on, the diode is reverse-biased and current flows through the inductor from the 
voltage source to the load. When the switch is turned off the inductor current 
freewheels through the diode as shown in figure 14b. A representative set of 
inductor voltage and current waveforms for the continuous-conduction mode is 
shown in the same figure. 
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Figure 14: Schematics of the buck circuit depending on the switch position a) Switch on b) Switch off 
(source [5]). 
 

4.3 Boundary Between Continuous- and Discontinuous-
Conduction 

In CCM the inductor current (IL) is by definition always greater than zero and in 
DCM (discontinuous-conduction mode) it is lower than zero. Naturally, this 
implies that boundary between CCM and DCM should be specified by condition 
when the inductor current is equal to zero. This condition occurs at the end of 
the off period as shown in figure 15a. 
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Figure 15: a) Inductor current iL at the boundary between CCM and DCM b) Average output current 
ILB as a function of duty ratio D (source [5]). 
 
The average inductor current over the clock period, where the subscript B refers 
to the boundary, is 
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This means that during an operation condition (with a defined set of values for 
Ts, Vd, Vo, L and D), if the average output current (which is equal to the average 
inductor current) becomes less then ILB given by (6), then iL will become 
negative. 

4.4 Discontinuous-Conduction Mode (DCM) 
There are two operation conditions in which the converter may operate. These 
conditions are defined by the characteristic of the input and the output signal 
from the converter. Input and output signal characteristics depend on the 
application of the converter. One condition assumes constant Vd while Vo 
changes in time and in the other the relationship is reversed. Application of this 
work deals with the former and therefore this condition is assumed in the 
following analysis. 
 
It has been shown in (2) that Vo = VdD. Now, the average inductor current at the 
edge of the continuous-conduction mode from Eq. (6) is 
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Figure 15b shows ILB as a function of duty ratio D. All other parameters remain 
constant. This plot indicates that the output current required for a continuous-
conduction mode is maximum at D = 0.5 and therefore 
 

L
VT

I ds
LB 8max, =      (8) 

 
Combining (7) and (8) a new expression for ILB is given 
 

( DDII LBLB )−= 14 max,     (9) 
 
Next the voltage ratio Vo/Vd for discontinuous-conduction mode will be 
calculated. First, it is assumed that the converter operates at the boundary of 
continuous conduction as in figure 15 with specific values for T, L, Vd and D. If 
these factors are kept constant and the power to the load is decreased (e.g. the 
load resistance increases), then the average inductor current will decrease. This 
results in larger value of Vo than before and discontinuous inductor current. The 
inductor current as a function of time is illustrated in figure 16. 
 

 
Figure 16: Inductor current iL in the DCM (source [5]). 

 
The inductor current and voltage VL are zero during the ∆2Ts interval and the 
power to the load resistor is supplied by the filter capacitor alone. Equating the 
integral of the inductor voltage over one clock period to zero yields 
 

    (10) 
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using (12) and geometry formula for the area of the triangle formed by iL and 
time axes t in figure 16 
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From equations 11 and 17 
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This analysis shows that in DCM, duty ratio D is not longer a simple function of 
output and input voltage. It also depends on the output current Io. 

4.5 Output Voltage Ripple 
The voltage at the output of the buck converter contains some tolerable amount 
of ripple generated by the PWM signal [13]. This output voltage ripple is a 
measure of the deviation in the output voltage from the average value. The peak-
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to-peak voltage ripple for the buck converter in the continuous-conduction mode 
can be computed for a specified value of output capacitance by computing the 
additional charge ∆Q provided by the ripple current in the inductor, see figure 
17. This analysis assumes that the entire ripple current flows through the 
capacitor, while the average value of the inductor current (IL) flows through the 
load resistor [1] [5]. The peak-to-peak voltage ripple is calculated by taking the 
area under the inductor current iL (the additional charge ∆Q) and dividing by the 
capacitance resulting in (19) [1]. 
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where switching frequency fs=1/Ts and  
 

LC
fc π2

1
=      (21) 

 

 
Figure 17: Additional charge ∆Q created by the ripple current (source [5]). 

 
Equation (20) and (21) show that amount of ripple in the output signal can be 
controlled by selecting an appropriate fc. Typically, fc is chosen at least ten times 
lower then fs. 
 
To integrate passive filter components (L and C) which define fc on-chip is a 
challenging task due to their size. Even if fs is in range of few MHz filter 
components are usually implemented off-chip. 
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This analysis shows also that amount of ripple is independent of the output load 
power as long as the converter operates in CCM. In most applications the ripple 
is kept below 1% [5]. 

4.6 Design Issues 
The purpose of the theoretical analyses presented in pervious sections was to 
show how circuit performance depends on the mode of operation. Buck 
converter can be designed to operate in one or both modes of operation 
depending on the specific application of the converter. If the design parameters 
presented in section 1.4 are considered the converter for low voltage and low 
power applications should be designed to operate in both CCM and DCM (see 
section 7.2). 
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5 Sources of Power Dissipation 
Buck converter contains many sources of power dissipation like the series 
resistance RCin, parasitic capacitance Cx, stray inductance Ls and the drain body 
diodes of power transistors. All of these are shown in figure 18. 
 

 
Figure 18: Buck converter with major sources of dissipation. 

 
This section will present major sources of power dissipation that decrease the 
power efficiency of this circuit. 

5.1 Conduction Loss 
When current flows through nonideal components like transistors, resistors, 
capacitors and interconnection networks losses are inevitable. Resistive losses 
are computed as 
 

     (22) 
 
where  is root-mean squared current and R is the resistance of the component. 
 
The rms current can be divided into two components 
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For PWM control scheme the rms currents are given by 
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Here, 0 ≤ D ≤ 1 is the duty cycle of the current flow through the component, Io is 
the DC load current, and ∆I is the peak-to-peak inductor current ripple. 
 
The DC part of conduction loss varies quadratically with the load current, while 
the AC component is approximately constant (if the ripple is small) and may 
degrade the power efficiency for small load. 

5.2 Gate Drive Loss 
The average power dissipated by increasing and decreasing the transistor gate 
potential in each cycle is given by 
 

     (26) 
 
where Eg is energy transferred to the gate per off-on-off transition cycle (which 
can include some energy due to Miller effect), and includes dissipation in the 
drive circuitry. The gate-drive loss is independent of the load current and will 
therefore degrade the power efficiency for small load currents. 

sgg fEP ⋅=

5.3 Timing Errors 
There are three types of losses associated with timing errors in the switching of 
the MOSFETs. Each is independent of the load voltage. 
 

5.3.1 No dead-time: Short-Circuit Loss 
During FET transitions a short-circuit path may temporarily exist between the 
input rails. To avoid these potentially high losses in the buck converter (non 
overlapping clocks) it is necessary to provide dead-times in the conduction of 
the MOSFETs to ensure that the two devices never conduct at the same time. 

5.3.2 Dead-Times too Long: Body Diode Conduction 
If the lengths of the dead-times are too long, the body diode of the NMOS 
transistor may be forced to transfer the inductor current for a small period of 
time in each cycle. Since in low-voltage applications, the forward bias diode 
voltage ( ) can be comparable to the output voltage, its conduction 
loss may be significant. This loss is given by 
 

VVdiode 7.0≈
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serrdiodeodiode ftVIP ⋅⋅⋅⋅≈ 2     (27) 
 
where terr is the timing error between complementary power MOSFET 
conduction intervals. Also, when the PMOS device is turned on, the excess 
minority carrier charge must be removed from the body diode, dissipating an 
energy bounded by 
 

     (28) 
 
where Qrr is the stored charge in the body diode. 

inrrrr VQE ⋅=

5.3.3 Dead-Times too Short: Capacitive Switching Loss 
In a traditional switched converter, the MOSFET Mp charges the parasitic 
capacitance Cx (see figure 18) to Vin in each cycle, dissipating an average power 
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where Cx includes transistor parasitics like reverse-biased drain-body junction 
diffusion capacitance Cdb and some or all of the gate-drain overlap (Miller) 
capacitance Cgd, wiring capacitance from their interconnection, and stray 
capacitance associated with Lf. 
 
When Mp is turned off, the inductor begins to discharge Cx from Vin to ground. If 
Mn is turned on exactly when Vx reaches ground, this transition is lossless. If the 
NMOS device is turned on too late, Vx will be discharged below ground, until 
the body diode is forced to conduct (see above). If the NMOS device is turned 
on too early, it will discharge Vx to ground through its channel, introducing 
losses 
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5.4 Stray Inductive Switching Loss 
Energy stored in the stray inductance Ls, (see figure 18) in the loop formed by 
the input decoupling capacitor Cin and the transistors causes power dissipation 
according to 
 

sLsLs fEP ⋅=      (31) 
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The value of Ls dependents on PCB layout, packaging, bonding, and chip layout, 
and is reduced by minimizing the area of this critical high current loop. In a 
multilayer interconnection technology, the lowest stray inductance is obtained 
by using a conductor that overlaps a return path in a different layer, with thin 
dielectric separating the layers. In a careful design: 1 nH < Ls < 10 nH 

5.5 Control Circuitry Operating Power 
The PWM and other control circuitry consume static power. In low-power 
applications, this control power contributes to the total losses, even at full-load. 
These losses can be generated by components like op-amps and other analog 
circuits. 
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6 Switching Techniques 
Previous sections covered some basic theoretical relationships and loss analysis 
associated with operation of simple buck converters. Several design techniques 
for buck converters in order to increase their power efficiency have been 
proposed in the literature. These will be described in the next sections. Since 
power efficiency also depends on the switching technique in use, this section 
will describe the two most common today, hard switching and soft switching. 

6.1 Hard Switching 
Term, “hard switching” refers to the stressful switching behavior of the power 
MOSFET devices of figure 18. In practice, this means that the MOSFET device 
during switching has to withstand high voltage and current simultaneously. This 
results in high switching losses and stress. Two dashed curves with the “spikes” 
in the figure 19 represent voltage-current relationship trough the switch under 
hard switching conditions. The area under each curve represents switching 
losses associated with on-to-off and off-to-on switch transition. 
 
In order to decrease the stress in the devices, passive snubber circuits consisting 
of series connected resistors and capacitors, are added to the converter design. 
Snubbers are connected in parallel with the MOSFETs to protect them from high 
current and voltage. This means that all switching losses are diverted to 
snubbers as well. The voltage-current relationship for the switch implementing 
snubbers is also plotted in figure 19. Since, the switching loss is proportional to 
the switching frequency, it is the major limiting factor for the maximum 
switching frequency of the power converters. In spite these limitations 
associated with the hard switching technique it is still in use, see section 7.2. 
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Figure 19: Voltage-current relationship through the switch under different switching conditions. 

 
 

6.2 Soft Switching 
Soft switched converters have switching waveforms similar to those of hard 
switched converters except that the rising and falling edges of the waveforms are 
‘smoothed’ with less transient spikes, see the dashed curve close to the origin in 
figure 19. Notice how the voltage-current relationship under soft switching 
conditions follows same curve trajectory. Because the switching loss and stress 
have been reduced, soft switched converters can be operated at the high 
frequency (typically 500 kHz to a few MHz). This is important property which 
results in reduced converter size and hence increased power density. Soft 
switching converters also provide an effective solution to suppress EMI and 
have been applied to DC-DC, AC-DC and DC-AC converters. More detailed 
description of soft switching technique is given in section 7.2 [13]. 
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7 Techniques for High Power Efficiency 
Section 5 described and analyzed some major mechanisms of loss in a CMOS 
buck converter. In this section, design techniques to reduce the power 
dissipation generated by these sources are presented. 

7.1 Synchronous Rectification 
One of the most significant design techniques for loss minimization in low 
voltage, low power converters is synchronous rectification. Because of its 
importance it has been mentioned in section 3.4. Synchronous rectification 
implies the use of an active switch instead of a diode in the converters power 
stage, see figure 20. 
 
By replacing the diode in figure 20 with an NMOS device which is on when the 
diode would have conducted (Mn in figure 7), the forward drop can be made 
arbitrarily small by making the device sufficiently large. Hence, the NMOS 
device, used as a synchronous rectifier, can perform the same function as the 
diode, but more efficiently. Neglecting all other losses, including the gate-drive 
for the synchronous rectifier, the maximum power efficiency of the low voltage 
buck converter approaches 100%. 
 
Consider the conventional buck circuit of figure 20. 
 

 
Figure 20: Conventional buck circuit. 

 
The maximum power efficiency of the converter is limited by the forward bias 
diode voltage, Vdiode. Since the diode conducts for a fraction (1-D) of the 
switching period, the maximum power efficiency is given by 
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If the design parameters given in section 1.4 are considered and a conventional 
buck converter as shown in figure 20 is used to generate an output voltage of 1 
V, even using a low-voltage Shottky diode with a forward drop of 0.3 V, at the 
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battery cell voltage of Vin=2 V, ηmax is lower than 87%. With a silicon bipolar 
Vdiode=0.7 V losses increase dramatically and ηmax drops below 74%. 

7.1.1 Synchronous Rectifier Control 
The use of a synchronous rectifier may reduce conduction loss at low output 
voltage levels, but it also requires an additional gate driver which consumes 
power as well. Furthermore, as mentioned in section 5, without adequate control 
of the rectifier, a short-circuit path may exist between the input rails during 
transients. However, as will be discussed in section 7.3 an example of rectifier 
control circuit to minimize the time Mp and Mn conduct simultaneously is 
presented. This is performed in a feedback loop which obtains nearly ideal zero-
voltage switched turn-on transitions of both power MOSFETs [4]. 

7.2 Zero Voltage Switching 
When the buck circuit of figure 21 is hard switched, it dissipates power in 
proportional to CxּVin²ּfs as a result of the gradual charging of the parasitic 
capacitance Cx through a resistive path, Mp. Also, it is likely to introduce either 
substantial short-circuit loss (if no dead-time is provided), or reverse recovery 
loss (if a dead-time is provided). In a soft switched circuit, the filter inductor is 
used as a current source to charge and discharge capacitor Cx in an ideally 
lossless manner, allowing additional capacitance to be shunted across Cx, 
slowing the transitions of the inverter output node Vx. In this way, appropriate 
dead-times may be used to allow transistors switching with Vds=0. This 
significantly decreases the associated switching losses. 
 

 
Figure 21: Buck converter with parasitic capacitance Cx. 
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Figure 22 ZVS wave forms. 

 
Figure 21 and figure 22 show the buck converter and related periodic steady-
state waveforms for ideal zero-voltage switching operation. The soft switching 
process is similar to that described in [3],[5], [15]. 
 
Presume that at a given time (the origin in figure 22), the rectifier Mn is on, 
connecting the node Vx to ground. During this time, the output voltage is 
constant and greater than zero, a steady negative potential is applied across Lf, 
and iLf is linearly decreasing. 
 
If the rectifier is turned off when the iLf  becomes negative (and the PMOS 
device, Mp, remains off), Lf acts roughly as a current source, charging Vx. To 
accomplish a lossless low-to-high transition at the Vx, the PMOS device is 
turned on when Vx=Vin. In this scheme, a pass device (Mp) gate transition occurs 
exactly when Vdsp (drain-source voltage) = 0. 
 
With the PMOS device on, the Vx node is connected to Vin. Thus, a constant 
positive voltage is applied over Lf, and iLf increases linearly, until the high-to-
low transition at Vx is initiated by turning off Mp. As shown in figure 22, at this 
time, the current iLf is positive (converter operates in continuous-conduction 
mode). Again, Lf acts as a current source, this time discharging Cx. If the NMOS 
device is turned on with Vx = 0, losses associated with the high-to-low transition 
of the Vx node are decreased, and Mn is switched at Vdsn = 0. 
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In this soft-switching approach, the filter inductor is used to charge and 
discharge all capacitors at the inverter output node in a lossless manner. Because 
the transistors are switched at zero drain-source voltage, this technique is known 
as zero-voltage switching (ZVS), and greatly decreases the capacitive switching 
loss. 
 
The use of soft switching in low-voltage applications is to some degree 
controversial. Authors of [16] propose use of hard switching instead of soft 
switching in their low voltage DC-DC converter solution. It is motivated by 
experimental results, which show that the conduction loss is higher than the 
switching loss. This implies that soft switching solutions similar to that 
described earlier suffer from higher conduction losses caused by resonant 
current since it is negative during a short period of time. Their hard switched 
approach implements a zero current sensing block which clamps iL at zero, 
reducing the power dissipation. Switches still follow the ZVS technique. 
 
Although there are theoretical and experimental results which indicate that this 
solution should be highly power efficient, final circuit measurements presented 
in [16] including control scheme do not obtain a power efficiency greater than 
78%. 

7.3 Adaptive Dead-Time Control 
To guarantee ideal ZVS of the power transistors, the periods when neither 
conducts (the dead-time), Dτ , must exactly equal the Vx node transition times 
 

xLHDLH ττ =  

xHLDHL ττ =  
 
In practice, it is hard to maintain these relationships. As indicated by figure 22, 
the inductor current ripple is symmetric about the average load current. As the 
average load resistance varies, the DC component of the iLf waveform is shifted, 
and the current available for commutating the Vx node is adapted. Thus, Vx node 
transition times are load dependent. 
 
In some implementations of soft-switching, a value of the average load may be 
assumed, resulting in approximations of the Vx node transition times. Fixed 
dead-times are based on these approximations. This results in reduced losses, 
but perhaps not to negligible levels. 
 
To demonstrate the potential problems of fixed dead-time operation, figure 23a 
shows the effect of non-proper ZVS on conversion efficiency during a high-to-
low transition at the Vx node. In figure 24b, the dead-time is too short, making 
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the NMOS device to turn on with Vdsn>0, partially discharging Cx through a 
resistive path which introduces losses. In figure 24b, the dead-time is too long, 
and the Vx node falls below zero until the drain-body junction of Mn becomes 
forward biased. In low-voltage applications, the forward-bias body diode 
voltage is a large fraction of the output voltage; thus, body diode conduction 
must be avoided for power efficient operation according to (34). When the 
rectifier (Mn) turns on, it removes the extra minority carrier charge from the 
body diode and charges the inverter output node back to ground, dissipating 
additional energy. 
 

 
Figure 23: Problems of fixed dead-time operation. 

 
Figure 24 shows a block diagram of the approach which according to [4] 
provides effective ZVS over a wide range of loads. 
 

 
Figure 24: Block diagram of a possible approach for implementation of ZVS. 

 
A phase detector updates an error signal based on the relative timing of Vx and 
the gate-drive signals of the transistors. A delay generator adapts the dead-times 
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based on these error signals. Using this method, effective ZVS is ensured over a 
wide range of operating conditions and process variations [4]. 
 
Figure 26 shows a possible circuit implementation of a DHLτ  adaptation scheme, 
which is comparable in principle to a delay-locked loop. It is also presented in 
[4]. 

 
Figure 25: Possible circuit implementation of a dead-time adaptation scheme 

 
The phase detector, on the left side of the node A consists of two SR flip-flops, 
which control the complementary switches (connected to node A) of a charge 
pump. An error voltage proportional to the difference between the high-to-low 
soft-switched Vx node (see figure 21) transition time and its corresponding dead-
time is created on integrating capacitor, CI. This error voltage is sampled and 
held at the switching frequency of the converter, giving 
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The delay generator updates the dead-time on a cycle-by-cycle basis. The 
control current Icontrol is expressed as 
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for a high op-amp gain. Assuming the dead-time is large compared to a gate 
delay, 
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where VM+ is the low-to-high switching threshold of the schmitt trigger. 
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In periodic steady-state, the error voltage, and thus the gate timing errors, are 
forced to zero, nulling propagation delays in the control and drive circuitry. 
Figure 26 shows the periodic steady-state waveforms related to an ideal ZVS 
rectifier turn-on. 
 

 
Figure 26: Periodic steady-state waveforms of an ideal ZVS rectifier turn-on. 

 
An analogous loop is used to adjust the dead-time between the turn-off of Mn 
and the turn-on of Mp, DLHτ . 
 
There are two major possible negative side effects of this approach. These are 
additional power consumption and possible introduction of clock jitter in error 
signal over CI. Main sources of additional power consumption which may 
degrade the power efficiency of the converter are S/H circuit and op-amp since 
they consume power constantly. Clock jitter is the signal distortion error caused 
by the clock noise. This clock noise which can be exemplified by small 
variations in the clock period may result in too short or too long dead times 
causing power losses similar to those associated with the fixed dead time 
approach described in the beginning of this section. Further, inaccuracies in the 
fabrication process may introduce errors in the op-amp e.g. offset voltages 
which will degrade the accuracy of the measured results. 
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7.4 Power Transistor Sizing 
By using ZVS with adaptive dead-time control, switching losses are decreased 
significantly. If the filter devices in the buck converter in figure 7 are ideal, and 
series resistance and stray inductance are neglected, the key source of power 
dissipation will include on-state conduction loss and gate-drive loss in the power 
transistors. When sizing a MOSFET for a specific application, the primary 
objective is to minimize the losses due to these sources. This minimization is 
performed at the operating condition where high power efficiency is most 
critical: Usually at full load, at high temperature, and in handheld applications, 
at the nominal battery source voltage. 
 
During their conduction periods, the power transistors operate in the triode 
region, where rds=R0ּ/W (the channel resistance is inversely proportional to the 
gate width). Thus, at a given operating condition, the on-state conduction loss in 
a MOSFET is given by 
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Since the device parasitics increase linearly with the increasing gatewidth, the 
gatedrive loss can be expressed as 
 

 
 
where Eg0 is the total gate-drive energy consumed in a single off-on-off gate 
transition cycle and fs is the switching frequency of the converter. The total 
power loss due to these effects is 
 

 
 
This quantity is minimized when on-state conduction and gate drive losses are 
balanced, i.e., 
 

 
 
At this balance point the optimal gate width of the power transistors is computed 
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Figure 27 illustrates normalized power transistor losses as a function of gate 
width. 

 
Figure 27: Power transistor losses as a function of gate width. 

7.5 Gate-Drive Design 
In CMOS circuits, a power transistor is usually driven by a chain of N inverters 
which are scaled with a constant tapering factor, u, such that 
 

i

gN

C
C

u =  

 
where, Cg is the gate capacitance of the power transistor and Ci is the input 
capacitance of the first buffering stage.  
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This scheme, shown in figure 28, is configured such that the ratio of average 
dynamic current to load capacitance is equal for each inverter in the chain. 
Ideally, the delay of each stage and the rise/fall time at each node are identical. 
It is a well known fact that under some simplifying assumptions, the tapering 
factor u = e ≈ 2,7 produces the minimum propagation delay [15]. However, in 
power circuits, the main concern is not in the propagation delay of the gate drive 
buffers, but in the energy lost during a gate transition. 

 
Figure 28: Power transistor driven by a chain of N inverters. 

 
In a ZVS power circuit, the following timing relationship is desired 
 

0τττ ugsx ≈>>      (35) 
 
here, τx is the soft switched output node (Vx in figure 21) transition time, τgs is 
the maximum gate transition time which ensures ZVS of the power transistor, τ0 
is the output transition time (rise/fall time) of a minimal inverter driving an 
identical gate, and u is the tapering factor. Usually, it is desirable to make τgs as 
large as possible (yet still a factor of five to ten times less than τx), to minimize 
the gate drive power dissipation. A more power efficient CMOS gate driver than 
that obtained through minimization of delay is obtained if there exists some u >e 
such that the condition given by (35) is met. 

7.5.1 Determination of the Inverter Chain 
In this analysis, a minimal CMOS inverter has an NMOS device with minimum 
dimensions (W0/L) and a PMOS device whose gate width is µn/µp≈3 times that 
of the NMOS device. The inverter is modelled with a lumped capacitances Ci at 
its input and Co at its output. Given that the pull-down device operates 
exclusively in the triode region during the interval of interest, and assuming it is 
a long-channel device, it can be shown that the output fall time of a minimal 
inverter driving an identical gate from Vout=Vg-|Vtp| to Vout=Vtn is 
 

κτ ⋅
+

=
0

0
0 W

CC i
 

 
which is linearly to the capacitive load, inversely proportional to the gate width 
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of the n-channel device, and directly related to the application and technology 
dependent constant 
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A similar expression can be found for the rise time [15]. 
 
The factor u which results in an output signal transition time τgs is found by 
solving 
 

0
0
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τ

κ
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uCC i
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+
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yielding a corresponding tapering factor of 
 

i
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C
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u
κ

κτ 00 −
=  

 
Given u, the number of inverters in the chain is 
 

)log(
)/log(

u
CC

N ig=  

 
The inverter chain guarantees a gate transition time of τgs with minimum power 
dissipation, and a propagation delay of 
 

 
 
where tp0 is the propagation delay of a minimal inverter loaded by an identical 
gate [15]. 

0pp tuNt ⋅⋅≈
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7.6 Conclusion 
Purpose of high efficiency techniques described in previous sections is to 
decrease power losses generated by different sources. Techniques and the types 
of power losses they are designed to decrease are summarized below 
 
Technique Type of power loss 
Synchronous Rectification Losses associated with the diode 
 conduction. 
 
Zero Voltage Switching Losses associated with the internal 
 parasitics of MOSFET devices. 
 
Adaptive Dead-Time Control Load depended losses. 
 
Power Transistor Sizing On-state conduction loss. 
 
Gate-Drive Design Gate drive losses. 
 
In a design of a specific converter it is important to identify these sources of 
power dissipation in order to improve overall performance of the circuit. This 
identification can be performed by analytical loss analysis or more commonly 
by computer aided circuit simulation. 
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8 Result 
Considering the design parameters presented in section 1.4 a switched type DC-
DC converter of buck topology is proposed. In section 3, three control scheme 
approaches are described and a PWM control scheme is selected as the most 
suitable for this type of DC-DC converter. Sections that followed presented the 
analytical tools for analysis of the basic operation of the buck DC-DC converter 
and associated power losses. Finally, several techniques for power loss reduction 
are presented. 
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