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Abstract 

This report is the result of a Master Thesis work done at Seaward Electronics 
Inc. in Beijing, China from June to December in 2007. The main goal for this 
thesis is to verify and improve the performance of Honey-PWM DC-DC 
converter, which has been fabricated by a standard 0.6um CMOS processes. 
 
 
The project was started with studying of Buck converter structure. After the 
understanding of the converter structure, the project goes in to the analyses 
phase for each sub-cells, including the theory, functionality and implementation 
methods. In the end, the report presents the results from both of the schematic 
simulation and test on silicon. All the design works are supported by EDA tool 
of Cadence. 
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Terminology       

IC      Integrated Circuit 
CMOS   Complementary Metal-Oxide Semiconductor 
PWM Pulse-Width Modulation 
DC Direct Current 
EA Error amplifier 
PSRR Power-Supply Rejection Ratio 
BW Band Width 
MOS Metal-Oxide Semiconductor 
OP Operational Amplifier 
PTAT Proportional To Absolute Temperature 
CCM Continuous Current Mode 
DCM Discontinuous Current Mode 
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1. Introduction 

1.1 Background 

1.1.1 Background of the project 

There are two types of chips in power supplies management, linear power 
supply and switching power supply. The choice of whether to use a switching 
or linear power supply in particular design is significantly based on the needs 
of the application itself. 
 
The linear power supply offers the designer three major advantages. The first 
advantage is its simplicity. One can purchase an entire linear regulator in a 
package and simply add two filter capacitors for storage and stability. The 
second major advantage is its quiet operation and load-handling capability. 
The linear regulator generates little or no electrical nose on its output, and its 
dynamic load response time is very short. The third advantage is that, for an 
output power of less than approximately 10W, its component costs and 
manufacturing coasts are less than the comparable switching regulator. 
 
The disadvantages of the linear-type regulator are what limit its range of 
application. First, it can be used only as a step-down regulator, which means 
that the input voltage at least 2 to 3V higher than the required output voltage. 
Second, each linear regulator can have only one output. So for each additional 
output voltage required, an entire separate linear regulator must be added. 
Another major disadvantage is the average efficiency of linear regulators. In 
normal applications, linear regulators exhibit efficiencies of 30 to 60 percent. 
This means the for ever watt delivered to the load, more than half of it is lost 
thin the supply. All the shortcomings cannot be eliminated by designer. 
 
The switching regulator circumvents all of the linear regulator’s short-comings. 
First, the switching supply exhibits efficiencies of 68 to 90 percent regardless 
of the input voltage. Second, the output voltages are independent of the input 
voltage. This means that the input voltage can vary above and/or below the 
level of the output voltages without affecting the operation of the supply. The 
last major advantages are its size and cost. 
 
The disadvantages of the switching supply are minor and usually can be over 
come by good design. 
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Generally, the industry has settled into areas where linear and switching power 
supplies are applied. Linear supplies are chosen for low-power, board-level 
regulation where the power distribution system within the product is highly 
variable and the load’s supply voltage needs are restricted. Switching power 
supplies used in situations where a high supply efficiency is necessary, such 
as battery-powered and handheld applications where battery life and internal 
and external temperatures are important. 
 
As the battery-operated portable electronic devices being popular with multiple 
functionalities, the switching mode DC-DC converter is an essential function 
block because of its high efficiency. The switching mode DC-DC converter, a 
kind of power management ICs, is used to generate a constant and stable DC 
voltage from battery sources having a wide voltage variation. The volume of 
the converter is much smaller than the required volume of the batteries which 
want to achieve the same extension of system run time. With the characteristic 
of high efficiency, it is always the best choice to use a switching mode 
converter to provide the required voltage and to prolong battery run time. 

1.1.2 Introduction of the design tool 

This project is IC design which is done by using the electronic design 
automation (EDA) tool from Cadence. Today's semiconductors and electronic 
systems are more complex than before that creating them would be impossible 
without electronic design automation (EDA). Cadence Design Systems is the 
world's leading EDA technologies and engineering services company. It 
provides the software to help us design and verify advanced semiconductors. 

1.2 Goal 

The main goals of this master thesis work are listed below: 
 Learn the concept of Buck DC-DC converter and understand the design of 

Honey. 
 Learn to use the design tools of IC design and simulation environment. 
 Participate the chip performance improvements  
 Test Honey under various conditions and verify the functionalities. 

1.3 Method  

All the designs and simulation including schematic and layout were done by 
using IC design tool of Cadence. The tests and measurements of ICs on 
silicon were done under various conditions. The power supply, DC electronic 
load, multi-meter and digital oscilloscope were introduced during the test. 
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1.4 Outline 

This report is organized in several sections. All sections included in this thesis 
report are listed as below: 
 

 Chapter 2 gives all the theory about this thesis project and the basic 
structure of a PWM DC-DC converter, including the topology of buck 
reference, the principle of PWM control and the stabilization of circuits. 

 
 Chapter 3, each function block in DC-DC converter is presented and point 

out the key issues in circuits. The circuit-level simulation results of the 
converter are also presented after the circuit design. 

 
 Chapter 4 contains the description of layout design of DC-DC converter 

and the test result of it and the previous version.  
 

 Chapter 5 summarizes the thesis work according to the results of the 
measurements. 

 
 Chapter 6 gives the suggestions and expectations about further works. 
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2. Theory 

2.1 Buck Regulator Topology 

Topology is a basic block diagram which is used to implement a switching 
power supply, it provides the basic principle of the development for the circuit.  
The topology diagram and the circuit diagram will be present in the next slides 
There are about 14 basic topologies to be used in the circuit [5]. Each one has 
unique properties. Thus to make the best choice of a topology is key matter 
before the circuit design.  
 
The switching regulator regulates a continuous current flow by means of the 
duty cycle. When a higher load current is required by the load, the percentage 
of on-time is increased to accommodate the change. 
 
Figure 2.1.1 illustrates a buck regulator topology, including a switch, an 
inductor, a capacitor and a diode. In order to analyze the character of this 
structure, assume that: 
a. The switch can be “on” and “off” at instant. 
b. The inductor and capacitor are ideal component. The inductor works at 
linear region with zero parasitic resistor and the capacitor with zero equivalent 
series resistor. 
c. The ripple introduced by the capacitor in the output voltage can be ignored. 
 

 
Figure 2.1.1 Buck Topology 

 
The operation of the switch can be broken up into two periods as the circuit 
shown in Figure 2.1.2. The whole period is Ts, the time when the switch at 
position A is t1 = DTs, where D is the duty cycle; the time when the switch at 
position B is t2 = (1-D)Ts. 
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                (a)                                 (b) 

Figure 2.1.2 Switch at position A and B 
 
a. The first is when the switch at position A. During this period, the load current 
passes from the input source through the inductor to the load, and back again 
through the return (or ground) lines to the input source. During this time the 
diode is reverse-biased. The voltage of the inductor is  

outgL VVV −=  

During this time, the increased amount of current in inductor is 
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b. After that, the switch at position B, the inductor still expects current to flow 
through it. The former current path through the input source is now 
open-circuited, and the catch diode now begins to conduct, thus maintaining a 
closed current loop through the load. The current decreases during this time. 
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DVV gout =  

From above equation, the output voltage will change with the duty-cycle D. 
 
When the switch once again turns on at position A, the voltage presented to 
the filters serves to turn off the catch diode. In short, the forward current is 
always flowing through the inductor. In Figure 2.1.3, the continuous current 
mode (CCM) and discontinuous current mode (DCM) of the buck regulator in 
Figure 2.1.1 are shown.  
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(a)                                   (b)                   
 Figure 2.1.3 CCM (a) and DCM (b) mode 

2.2 PWM Control 

2.2.1 Basic Principle 

The control section is typically a switching power supply control integrated 
circuit. It performs the functions of DC output voltage sensing and correction, 
voltage to pulse-width conversion.  
 
A control circuit is required in dc-dc power converters for the following reasons: 
1. To reduce the dc error 
2. To reduce the sensitivity of the closed-loop gain to component values over a 
wide frequency range 
3. To achieve a fast transient response to sudden changes in the input voltage 
and/or the load resistance 
4. To reduce the closed-loop output impedance 
5. To satisfy the sufficient degree of relative stability 
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Figure 2.2.1 Basic block of PWM converter 

 
In Figure 2.2.1, the control block consists different circuits, including: 
1. An oscillator that sets the basic frequency of operation and also used to 
generate a ramp waveform. 
2. A logic circuit that provides enough drive current for power switch. 
3. A voltage reference that provides the overall power supply “ideal” reference 
to which the output voltages are compared. It also can provide a stale voltage 
for other control functions. 
4. An error amplifier that performs the high gain voltage comparison between 
the output voltages and the stable voltage reference. 
5. A comparator that sets the duty cycle output in response to the level of the 
error voltage from the voltage error amplifier.  
 
The oscillator sets the frequency of operation of the supply and generated a 
sawtooth waveform for the DC to pulse-width converter. The voltage error 
amplifier amplifies the difference between the “ideal” reference voltage and the 
sensed output voltage presented by the resistor divider feedback elements. 
The error amplifier’s output voltage represents this error between the 
reference and the actual output multiplied by the high DC gain of the 
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operational amplifier. This error signal is then presented to the DC to pulse- 
width converter, which produces a pulse whose duty cycle represents this error 
signal. This pulse is then presented to the power switch driver. Power switch 
works as a ‘gate’. The energy flow is regulated by control circuit, then delivered 
to match the demand of load. 
 
These functional blocks form the basic PWM control IC. Other functions 
sometimes included in the IC provide some higher level of functionality is 
usually needed in a switching power supply, such as: 
1. An over-current amplifier that protects the supply from abnormal 
over-current conditions within the load. 
2. A soft-start circuit that, as the name implies, starts the power supply in a 
smooth fashion, reducing the inrush current exhibited by all switching power 
supplies during this period. 
3. Dead time control that fixes the maximum pulse-width the control IC can 
generate, thus preventing the occurrence of simultaneous conduction of two 
power switches or 100 percent duty cycles. 
4. Under-voltage lockout to prevent the supply from starting when there is 
insufficient voltage within the control circuit for driving the power switches into 
saturation. 

2.2.2 Voltage-Control Mode 

Voltage feed back element is usually a resistor divider which reduces the rated 
output voltage to the same voltage appearing as the reference voltage on the 
input to voltage error amplifier. The voltage error amplifier amplifies the 
difference between the ideal level-dictated by the reference voltage and the 
actual output voltage as presented by the feedback elements and controls the 
on-time of the power switches accordingly. 

2.3 Feedback-loop Stabilization 

For slow or DC variations of the output voltage Vo, the loop shown in Figure 
2.3.1 is stable. A small, slow variation of Vo due to either line input or load 
changes will be sensed by the inverting input of error amplifier EA via the 
sampling network R1, R2 and compared to a reference voltage at the 
noninverting EA input. This will cause a small change in the DC voltage level 
Vea at the EA output. 
 
But within the loop, there exist low-level noise voltages or possible voltage 
transients which have a continuous spectrum of sinusoidal Fourier 
components. All these Fourier components suffer gain changes and phase 
shifts in the L, C output filter, the error amplifier, and the PWM from Vea to Vsr. 
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At one of these Fourier components, the gain and phase shifts can result in 
positive rather than negative feedback and thereby result in oscillation as 
described below. 
 

 
Figure 2.3.1 A feedback loop in PWM DC-DC converter 

2.3.1 Reasons of Oscillate 

For understanding the stability problem, only the error amplifier and 
pulse-width modulator need be considered. 
 
As the Figure 2.3.1 shown, assume for a moment that the loop is broken open 
at point B, the inverting input to the error amplifier. At any of the Fourier 
components of the noise, there is gain and phase shift from B to Vea, from Vea 
to the average voltage at Vsr, and from the average voltage at Vsr through the 
L, C filter around back to Bb. 
 
Now assume that a signal of some frequency f1 is injected into the loop at B 
and comes back around as an echo at Bb. The echo is modified in phase and 
gain by all the previously mentioned elements in the loop. If the modified echo 
has returned exactly in phase with and is equal in amplitude to the signal which 
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started the echo, if the loop is now closed and the injected signal is removed, 
the circuit will continue to oscillate at the frequency f1. the initial signal which 
starts the echo and maintains the oscillation is the f1 Fourier component in the 
noise spectrum. 

2.3.2 Criterion for a stable circuit 

Gain criterion for a stable circuit 
The first criterion for a stable loop is that at the frequency where the total 
open-loop gain is unity (the crossover frequency), the total open-loop phase 
shift of all elements involved must be less than 180°. The amount by which 
the total phase shift is less than 180° is called the phase margin which is 
shown in Figure 2.3.2 [5].  
 

 
Figure 2.3.2 Phase margin 

 
To ensure a stable loop under worst-case tolerances of the associated 
components, the usual practice is to design for at least a 35° to 45° phase 
margin with nominal components. 
 
Gain slope criteria for a stable circuit 
The second criterion for a stable circuit is that to prevent rapid changes of 
phase shift with frequency characteristic of a circuit with a -2 gain slope, the 
slope of the open-loop gain-frequency curve of the entire circuit as it passes 
through crossover frequency should be -1 [5].  
 
It is not an absolute requirement that the total open-loop gain curve must come 
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through crossover at a -1 gain slope. But it does provide insurance that if any 
phase-shift elements have been overlooked, the small phase shift and 
relatively slow phase-shift-frequency curve characteristic of a -1 gain slope 
element will still preserve an adequate phase margin. 
 
Shaping error amplifier gain versus frequency characteristic 
The sequence of steps is first to establish the crossover frequency Fco, where 
the total open-loop gain should be 0dB. Then choose the error amplifier gain 
so that the total open-loop gain is forced to be 0dB at that frequency. Next 
design the error amplifier gain slope so that the total open-loop gain comes 
through Fco at a -1 slope. Finally, tailor the error amplifier gain versus 
frequency so that the desired phase margin is achieved. 
 
Sampling theory shows that Fco must be less than half the switching 
frequency for the loop to be stable. But it must be considerably less than that, 
or there will be large-amplitude switching frequency ripple at the output. Thus, 
the usual practice is to fix Fco at 1/4 to 1/5 the switching frequency [5].  
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3. Design 

3.1 Frequency Generator 

This frequency generator consists of oscillator, narrow-pulse generator and 
ramp generator (Figure 3.1.1). The system frequency and the port of minus of 
comparator are all provided by the function block in this part. The principle for 
each block is introduced in the following.   

 
Figure 3.1.1 Relation of oscillator, narrow-pulse generator and ramp 

generator 

3.1.1 Oscillator 

An oscillator is a core part which provides a constant frequency for the whole 
system. In Figure.3.1.2, the current source is provided by the band-gap 
reference, which passes through two current mirrors and flow out from the 
drain of transistor M3. Then the drain current ID3 of transistor M3 charge the 
capacitor which is formed by transistor M24. Assuming that the gate voltage 
Vgs of M25 is zero at beginning, so M25 is “off”. The current ID3 charge the 
capacitor, the voltage at gate of M24 is compared with the output voltage VBG 
of band-gap reference. The output of comparator is always high until the 
voltage feed to minus of comparator is higher than the output voltage of 
band-gap VBG. Then, the capacitor will be discharged by M25 rapidly till all the 
charges in capacitor are go out and the gate voltage at M24 is equal to ground 
GND. After that the next period will start. The total work period as mentioned 
above can be divided into two parts as following description: 
 
a. Charging the capacitor while output of oscillator is “low”. 
The period of charging is determined by the drain current ID3 of transistor M3, 
the output voltage VBG of band-gap reference and the dimension W/L of 
capacitor M24. The band-gap reference provides an accurate voltage VBG. The 
value of capacitor M24 has a significant relation with fabrication processes. 
The current source provided by band-gap reference and two current mirrors 
determine how the drain current ID3 of transistor M3 performs. 
 
When the gate voltage of transistor M25 is zero, the capacitor is charged by 
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the drain current ID3 of transistor M3 and the voltage of capacitor M24 
increases linearly. When the voltage VBG is larger than the voltage at gate of 
M24, the output of comparator is “high”, so it becomes “low” at output of 
oscillator after passes three inverters. During the same time, the output signal 
of comparator also goes through another path which consists of five inverters 
and a time delayer. The gate voltage of transistor M25 is “low” during the 
charging time. 
 

 
Figure 3.1.2 Oscillator 

 
b. Discharging the capacitor while output of oscillator is “high”. 
When the voltage of capacitor M24 is higher than VBG, the output of 
comparator is “low” while the output of oscillator is “high”, the gate voltage of 
transistor M25 will be “high” after the delay time produced by delayer. 
Theoretically, the discharging time is equal to the delay time produced by time 
delayer. 
 
Generally, the time of “low” at the output of oscillator is longer than the time of 
“high” which can control the charging and discharging of capacitor in next 
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stage of ramp generator. 

3.1.2 Narrow-Pulse Generator 

A narrow-pulse generator is used to modulate the duty cycle of the output of 
oscillator. The output of oscillator is the input signal of narrow-pulse generator, 
and the “high” time of output of narrow-pulse generator is shorter than the input 
signal. Moreover, the narrow-pulse generator also control the duty cycle of 
PWM signal which will never reach 100%.  
 

 
Figure 3.1.3 Narrow-Pulse Generator 

 
As Figure 3.1.3 shown, the output of oscillator is the input Vin of narrow-pulse 
generator. The analysis of it as following: 
 
When Vin is “low”. 
The port A of NAND2 is “0”, so the output of NAND2 is “1” regardless of port B. 
The port A of XNOR is “1” and the port B is “0”, so the output of XNOR is “1”. 
Finally, the Vout is “0”, same as Vin. 
 
When Vin turns from “low ” to “high”. 
The port A of NAND2 is “1” and port B still “0” because of the timer delay, so 
the output of NAND2 is “1”. The port B of XNOR is “1”, so the output of XNOR 
is “0” which will be “1” at Vout after an inverter. After the delay time, the port B 
of NAND2 becomes “1”, so the output of NAND2 is “0”. After XNOR, the output 
of XNOR is “1”, so Vout is “0” 
 
When Vin turn from “high” to “low”. 
The port A of NAND2 is “0” and port B is “1”, so the output of it is “1”. The port 
B of XNOR is “0” and the output of narrow-pulse generator Vout is “0”. 
 
The “low” time is longer than Vin because of timer delay. The Figure 3.1.4 and 
Table 3.1.1 present the Vout at each situation and the relationship between Vin 
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and Vout. From above analysis, the frequency of Vout of narrow-pulse is same 
as the oscillator. The only difference is that the duty cycle has been changed 
by the narrow-pulse generator. 
 

 
Figure 3.1.4 Relation of Vin and Vout

 
Table 3.1.1 Truth Table of Narrow-pulse Generator 

nand2 xnor2  Vin A B A B
Vout

Start 
 0 0  1 0 0 Start 

After delay 0 0 0 1 0 0 
From 0 →1

 1 1 0 1 1 1 Input from 0 →1 
After delay 1 1 1 0 1 0 
From 1→ 0

 0 0 1 1 0 0 Input from 1→ 0 
After delay 0 0 0 1 0 0 

3.1.3 Ramp Generator 

The principle of ramp generator is similar to oscillator. The ramp generator use 
an invariable current charges a capacitor. Figure 3.1.5 shows the circuit of 
ramp generator. The amplitude of ramp is limited between 0.6V to 2.5V which 
assures that the PWM converter can work with various loads and the PWM 
can work under discontinuous current mode. The time of charging and 
discharging are controlled by the output of narrow-pulse generator.  
 
When the output of narrow-pulse generator is “low”, the transistor M5 is “off”. 
The drain current ID6 of transistor M6 charges the capacitor M2, the voltage at 
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output port is increased linearly. The duration of charging time is determined 
by the signal at input and the value of the capacitor M2. 
 
When the output of narrow-pulse generator is “high”, the transistor M5 begin to 
discharge the capacitor, so the output voltage of ramp generator decreasing 
immediately. In this way, the ramp wave is generated. 
 

 
Figure 3.1.5 Ramp Generator 

 
The simulation results in Figure 3.1.7 are got by connecting oscillator, 
narrow-pulse generator and ramp generator together as shown in Figure 
3.1.6. 
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Figure 3.1.6 Schematic of Simulation 

 
Figure 3.1.7 Simulation Result of Oscillator, Narrow-Pulse Generator and 

Ramp Generator 

3.2 Bandgap Reference 

The bandgap reference can generate reference voltage and have very little 
dependency on temperature and power supply. 

3.2.1 Introduction 

The principle of the bandgap reference is illustrated in Figure 3.2.1. A voltage 
VBE from a pn-junction diode has a temperature coefficient of -2mV/℃ at room 

 17



temperature [3]. And a thermal voltage Vt which is proportional to absolute 
temperature (PTAT) and has a temperature coefficient of +0.085mV/℃ at 
room temperature [3]. If the thermal voltage Vt is multiplied by a constant K and 
summed with the voltage VBE, then the output voltage is  

                            tBEref KVVV +=                      (3.2-1) 

The principle of the bandgap voltage reference is to balance the negative 
temperature coefficient of a pn-junction with the positive temperature 
coefficient of the thermal voltage Vt. 
 

 
Figure 3.2.1 General principal of the bandgap reference 

 
The bandgap reference is required to be stabilized over process, supply and 
temperature variation and also should be implemented in the standard 
fabrication process. The bipolar transistor in CMOS technology can be formed 
as illustrated in Figure 3.2.2. 
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Figure 3.2.2 Realization of pnp Bipolar Transistor in CMOS Technology 

3.2.2 Design 

On the chip of PWM DC-DC converter, there are some noise sources, such as 
synchronous power MOS and oscillator. These noises exist on chip which may 
deliver to other parts by substrate or connection line. Bandgap reference plays 
an important role on this chip, so how to avoid the noise influent it is a main 
problem. The bandgap reference must keep normal work and provide accurate 
voltage or current to other parts over process. All the work situations and 
functions of other circuits are dependent on the outputs of bandgap. 
 
Normally, the noise comes from the power supply or coupling with the 
substrate. For a bandgap, the main source of noise is between the power 
supply and ground. Power supply rejection ratio (PSRR) is defined as the ratio 
of the change in supply voltage to changes in output voltage in operational 
amplifier [3].  
 
The circuit of bandgap reference is shown in Figure 3.2.3, the gate voltage of 
transistor M0, M1and M2 are provided by the output of operational amplifier 
which makes the voltage at V1 and V2 is identical. The pnp transistors Q0, Q1 
and Q2 are implemented as Figure 3.2.2 shown. The emitter area of transistor 
Q1 is n times as transistor Q2, IS1=n·IS0. When all the transistors work at 
saturation region, since the gate voltage of transistor M0 and M1 is equal, so 
the drain current of them are same, ID0=ID1. the drain current ID0 of transistor 
flows to the emitter E0 of transistor Q0 and ID1 flows to the emitter E1 of 
transistor Q1, so the emitter current of transistor Q0 and Q1 are equal as well, 
IE0=IE1. when the pnp transistor works at linear region, the collector current is 
equal to emit current, IC=IE. So VBE of transistor Q0 and Q1 is 
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According to equation (3.2-2) and (3.2-3), the difference of V1and V2 is given 
as 
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From analysis of above equation (3.2-4), there will be a change in V1-V2 when 
there is any change in I0. The difference between V1 and V2 will increase as I0 
and I1 become larger. Connect V1 and V2 to non-inverting and inverting of 
operational amplifier respectively. When the drain current of transistor M0 and 
M1 increase, the emitter current I0 and I1 increase as well, so the difference 
between V1 and V2 becomes larger which result in larger output of operational 
amplifier. The gate voltage of transistor M0 and M1 will decrease, so the drain 
current of transistor M0 and M1 will decrease. A feedback loop is formed, 
where V1=V2, from equation (3.2-4) get the following: 

0
10121

ln0ln
R
MVIMVRIVV TT =⇒=−⇒=                          (3.2-5) 

0
12
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R
MnVnII T==                                               (3.2-6) 

The output voltage of the bandgap reference is 

TBETBEBEBG KVVVM
R

RRnVRRIVV +=⋅
+

+=++= 2
0

111
211122 )ln()(        (3.2-7)       

where M
R

RRnK ln
0

111 +=  

n- The ratio of I2 to I1.   
M- The ratio of emitter area of transistor Q2 to emitter area of transistor Q0. 
 
In equation (3.2-7), the first term decreases with the temperature coefficient of 
-2mv/℃  and the second term has a positive temperature coefficient of 
0.086mV/℃. By choosing the appropriate n, M, and R, the output VBG with very 
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low temperature sensitivity can be obtained. 
 

 
Figure 3.2.3 Bandgap reference 

 
The operational amplifier used in bandgap reference should be with the 

ave the ability to amplify the difference of input 

b.
ents the maximum rate of output change which is caused by 

c. High power-supply rejection ratio (PSRR)  
n output voltage are sensitive to 

 
s the conventional differential pair shown in Figure 3.2.4, it is not a good 

advanced performances which are listed as following: 
a. Sufficient band width (BW) 
  This operational pair must h

signals at around 1MHz. 
 High slew rate 

  Slew rate repres
changes in input. 

PSRR, an important parameter to describe a
the changes in power supply. 

A
choice for getting high PSRR which means that the differential pair is not 
sensitive to the changes in power supply. When the source current IS5 is 
changed by the changes or noise in power supply, the common-mode current 
flows to the differential pair will be changed. As a result, the amplified result of 
the differential pair will be changed with the changes in power supply. 
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Assumed that the common-mode current increases, so the transconductance 
Gm of the differential pair will increase which result in increasing the times of 
amplified output. When the output of op amp backs to the gate of transistor M2, 
then the difference between V1 and V2 will be smaller. Contrarily, when the 
common-mode current decreased, the difference between V1 and V2 will be 
larger. Any change in V1-V2 will cause the changes in emitter current of the 
pnp bipolar transistor which will directly change the output of bandgap 
reference. As the analysis mentioned above, the performance of conventional 
differential pair need to be improved. 
 

 
Figure 3.2.4 Conventional Differential Pair in Operational Amplifier 

 
In order to achieve that the operational amplifier is not influenced by the 

he performance of differential pair in operational amplifier is improved when 

changing in power supply, some improvements in conventional differential pair 
are required. In Figure 3.2.5 illustrates the circuit after modification. This 
operational amplifier uses cascode structure with an unusual implementation 
of the differential amp to achieve good input common-mode range, (VOV11-Vth) 
<Vin< (Vdd-Vth-VOV4-VOV5). In order to get high PSRR, the cascade structure in 
output stage has been used which can provide high resistance. So the output 
voltage is not sensitive to the change in power supply.  
 
T
compared with the conventional circuit shown in Figure 3.2.4. The transistor 
M1, M2, M5, M8, M9 and M10 form a feedback ring to make the drain current 
ID5 of transistor M5 determined by the gate voltage rather than the source-drain 
voltage. The drain current ID8 of transistor M8 and the drain current ID9 of 
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transistor M9 are invariable. ID8 is equal to the total of the drain current ID1of 
transistor M1, the drain current ID2of transistor M2 and the drain current ID10 of 
transistor M10, ID8=ID1+ID2+ID10. When there is any noise in power supply 
increased the drain current ID5 of transistor M5, so the current ID1 and ID2 
increased and ID10 decreased while an invariable current flows to transistor 
M10 which result in increase of the positive charge at the gate of transistor M5, 
thus the drain current ID5 of transistor M5 will decrease. The feedback ring will 
be stable when ID10=ID9 and ID5=ID8-ID9. 
 

 
Figure 3.2.5 Operational Amplifier used in bandgap reference 

 
hen all the transistors work at saturation region, the gate of transistor M3 and 

3.2.3 Simulation 

The simulation result illustrated in Figure.3.2.6, Table.3.2.1 and Table 3.2.2 

W
transistor M4 sense the voltage, then different drain currents of ID4 and ID3 flow 
to transistor M11 and transistor M19 respectively. The current flow through 
transistor M11 and transistor M19 should be equal, ID11=ID19. Since the source 
currents of transistor M14 and transistor M13 also flow to transistor M11 and 
transistor M19, the relations between these current can be easily got, 
ID11=ID4+IS14 and ID19=ID3+IS13. If ID4>ID3, then IS14<IS13. IS14 and IS13 pass the 
current mirror so the output voltage will decrease and vice versa. 

which have proved that the design is consistent with the requirements. 
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Table 3.2.1 Simulation Result of Operational Amplifier 

Simulation conditions: Vdd=5V 
DC Gain 80dB 
Main Pole 1KHz 
Phase Margin 60° 
Band Width 9.17MHz 
Gain at 1MHz 20dB 

 
Table 3.2.2 Simulation Result of PSRR of Operational Amplifier 

Frequency of disturbance PSRR Unit
1K 95 
10K 59 

100K 59 
1M 41 

dB

 

 
Figure 3.2.6 Simulation of Operational Amplifier 

 
he output of bandgap reference changed by power supply indicated in Figure T

3.2.7. The maximum variation of output is 0.25mV with the power supply range 
changed from 2.0V to 5.0V. 
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In conclusion, the bandgap reference provides an accurate voltage regardless 

 
Figure 3.2.7 The output of bandgap reference vs. power supply 

3.3 Error Amplifier 

The circuit of error amplifier in Figure 3.3.1 is similar as the operational 

of the changes in power supply. 
 

amplifier in bandgap reference which has been introduced in Section 3.2.2. 
The difference is that the current in the error amplifier is half of the current in 
the bandgap reference. The power consumption is reduced and the DC gain is 
increased in the error amplifier. 
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Figure 3.3.1 Error Amplifier 

 
In Figure 3.3.2 and Figure 3.3.3 shows the simulation schematic and 
simulation result of the error amplifier. 

 
Figure 3.3.2 Schematic of error amplifier simulation 
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Figure 3.3.3 Simulation result of error amplifier 

 
Table 3.3.1 Simulation Result of Error Amplifier 

Simulation conditions: Vdd=5V Vref=600mV 
DC Gain 90dB 
Dominant Pole 529.8Hz 
Phase Margin 35° 
Band Width 15.3MHz 
Gain at 20kHz 58.7dB 
Gain at 200kHz 38.7dB 
Gain at 1MHz 24.7dB 

 
The compensation of error amplifier will be present in Section 3.5 combining 
with the feedback loop. 

3.4 PWM Controller 

The original PWM signal is generated by comparing the triangle wave with the 
output of error amplifier. For each period of the ramp wave, an ON and OFF 
pulse is generated each time when the triangle wave crosses the analog signal 
from the error amplifier. 
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3.4.1 PWM Comparator 

The most important issue of the comparator in Figure 3.4.1 is that the 
common-mode input range which must appropriate to various conditions. It is 
impossible to achieve the required common-mode input range by using only 
PMOS or NMOS transistor. Thus, one way to get the expected common-mode 
input range is using PMOS and NMOS as the differential pair at the same time. 
 

 
Figure 3.4.1 Schematic of PWM Comparator 

 
For PMOS differential pair of transistor M7 and M8, the common-mode input 
range is  

8911 ovthpovddpcmthpovthn VVVVVVVV −−−<<−+ −            (3.4.1) 

For NMOS differential pair of transistor M3 and M4, the common-mode input 
range is 

            thnovthpddncmovthnov VVVVVVVV +−−<<++ − 031             (3.4.2) 

where - threshold voltage of NMOS transistor  thnV

thpV - threshold voltage of PMOS transistor 

ovV - over drive voltage 

cmV - common-mode input voltage 
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The comparator work range can be divided to three regions: 

a. In the range of 3111 ovthnovcmthpovthn VVVVVVV ++<<−+ , the PMOS transistors 

M7 and M8 work at saturation region.  
 
The drain current ID7 of transistor M7 copied by the current mirror M10-M12 to 
port of PWM. The drain current ID8 of transistor M8 passes two current mirrors 
M11-M13 and M14-M15 then reach the port of PWM. When the voltage at the 
port of Plus is higher than the voltage at the port of Minus, the PWM forms a 
“high” signal. In opposite way, the output at PWM will be “low”. 
 

b. In the range of thnovthpddcmovthpovdd VVVVVVVVV +−−<<−−− 089 , the PMOS 

transistors M3 and M4 work at saturation region. 
 
Similarly, the drain current ID3 of transistor M3 copied by current mirror M0-M5 
and M16-M17 and the drain current ID4 copied by current mirror M2-M6 to 
generates the PWM signal. 
 

c. 8931 ovthpovddcmovthnov VVVVVVVV −−−<<++ , the PMOS transistors and 

NMOS transistors work at the same time. 
 
This range is important which ensures the differential pairs will never in the 
cutoff region. The comparator can generate PWM signal under any conditions. 
 

 
Figure 3.4.2 Work Range of Comparator 

3.4.2 Logic and Dead Time Control 

The signal generated by comparator can not drive the switch transistor and 
synchronous transistor directly. To prevent some dangerous occasions, tuning 
the original PWM signal must be done. 
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There are three main functions of the circuit in Figure 3.4.3 
a. To prevent over current flowing. 
If the current passes the inductor L is reach 1A, then the NMOS transistor will 
“on”. 
 
b. To prevent the PWM signal with duty cycle of 100%. 
At the very beginning of start, the output voltage is zero, so there will be a long 
time of 100% duty cycle which induce a large current in PMOS transistor that 
burn down the whole chip. As a result, the block of Pct90Gen in Figure 3.4.3 is 
placed to limit the maximum duty cycle within 90% and protect the IC. 
 
c. To prevent shoot through current. 
Since the large capacitor at the gate of PMOS and NMOS, the transistor “on” 
and “off” will not switch rapidly as ideal module. If the PMOS and NMOS 
transistors are “on” at the same time, there will be a large current from Vdd to 
ground which will reduce efficiency and cause device heating and thermal 
shutdown. 
 
The part outside the blue cycle in Figure 3.4.3 implements the functions 
described in function a and b. The block of pct90Gen forces the duty cycle 
within 90%. The OCP port senses the current of inductor, when it is “high”, the 
PMOS will “off” until next period. When there is no over current, the output of 
pct90Gen will decide the output Pdr and Ndr. 
 
The circuit inside the blue cycle in Figure 3.4.3 realizes the function c. There 
must be a dead time between the PMOS and NMOS alternate “on” and “off”. 
The signal feed back from Pdr and Ndr to the gate of transistor M19 and M20 
respectively. The signal of Ndr turns from “low” to “high” after the signal of Pdr 
changes from “low” to “high” and the signal of Pdr turns from “high ” to “low” 
after Ndr signal changes. The output signals shows in Figure 3.4.4, which 
make the PMOS and NMOS will not “on” at the same time and avoid the shoot 
through current to burn the chip. 
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Figure 3.4.3 Schematic of Dead Time Control 
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Figure 3.4.4 Output of Dead Time Control 

3.4.3 Output Stage 

Synchronous clock tree formed by cascading inverter is shown in Figure 3.4.5, 
which makes the PWM signal fast enough and with sufficient power to driver 
the large PMOS and NMOS transistors. 
 

 
Figure 3.4.5 Schematic of Output Stage 
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3.5 Stabilization of Feedback Loop 

The close-loop is formed by error amplifier, LC filter, PWM comparator and 
logic circuit. Under slow or dc variation, the close-loop is stable. But some 
components of Fourier spectral may come into the feedback loop. The 
amplitude and phase of these signals will be changed after they pass the 
whole loop, then the oscillation would occur in the close-loop. 
 

 
Figure 3.5.1 PWM converter 

3.5.1 Analyse for Oscillation 

LC filter and gain versus frequency plot are shown in Figure 3.5.2 and Figure 
3.5.3, the frequency response of it is 
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Figure 3.5.2 LC output filter 

 

 
Figure 3.5.3 Gain of LC filter 

 
The LC filter has a gain of unity (0dB) up to its corner frequency of 

LCFcnr π2/1= . Beyond the corner frequency Fcnr it commences falling at a 

rate of -40dB/decade. This is because for every decade increase in frequency, 
XL increased and XC decreases in impedance by a factor of 10. Such a circuit 
is referred to as a -2 slope circuit. The gain versus frequency characteristic of 
this output LC filter is of fundamental importance to determine how amplifier 
must be shaped to satisfy the criteria for a stable loop. 
 
The PWM comparator is not impact the phase of signal. The gain of PWM 

comparator is
st

DD
VM V

V
A = , where  is the amplitude of sawtooth signal. This 

gain is independent of frequency. The total gain in feedback of LC, error 
amplifier and PWM comparator is calculated as following: 

stV
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Obviously, if the error amplifier does not contain frequency compensation, the 
signal will pass a double-pole first, then the phase will be change by 180°, 
meanwhile the amplitude continuous increasing which will cause the oscillate. 

3.5.2 Compensation and Implementation 

A double-pole double-zero compensation is introduced which to force the 
feedback loop is 0dB at cross frequency. Double-pole of LC will be 
compensated by the introduced double-zero. This method can fulfill the 
requirement of error amplifier – low frequency with high gain, high frequency 
with low gain. An error amplifier with compensation is shown in Figure 3.5.4. 
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Figure 3.5.4 Double-zero double-pole compensation 

 
From the frequency response above, the zero and pole can be easily 
calculated. 
a. The pole origin of frequency axial 
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Figure 3.5.5 Bode plot of close-loop 
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The gain of LC filter falls at a -2 slope. This requires an error amplifier with +1 
slop at Fco for the total open-loop gain to come through Fco at a -1 slope. To 
achieve the above error amplifier gain curve, the double-zero is located at Fz 
and the double-pole at Fp. Now the error amplifier in Figure 3.5.5 has its gain 
equal and opposite to the LC filter loss at the desired Fco.  
 
Consider the characteristics of integrated circuit and the standard CMOS 
processes with one-poly two-metal, to implement the resistors and capacitors 
in Figure 3.5.4 are difficult. So the compensation simplification method is 
required in CMOS design. The fundamental way is to reduce the number of 
resistors and capacitors to get the same result of compensation. The result 
after simplification is shown in Figure 3.5.6 and the gain of error amplifier is 

11

1221 )1)(1(
CsR

CsRCsR
V
V

fb

ea ++
=  

where ,  and 21 CC = 21 RR = ωjs = .At low frequency, the gain of error 

amplifier is equal to the gain of operational amplifier. When the frequency 
increases, the gain of error amplifier will decrease until reach the double-zero. 
Then the gain of error amplifier will increase during a small frequency range. 
Finally, the gain of error amplifier decreases as the frequency increase to 
compensation the LC filter loss at around 200KHz. 

 

 
Figure 3.5.6 Double-zero compensation 

 
The simulation result in Figure 3.5.8 which is got by using the schematic in 
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Figure 3.5.7 has proved the analysis above. At crossover frequency 
Fco=200KHz, the total gain is unity and the phase margin is 60°.  
 

 
Figure 3.5.7 Schematic of feedback loop simulation 

 

 
Figure 3.5.8 Simulation of feedback loop 
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4. Layout Design and Test 

4.1 Layout Design 

After the retrieval of the simulation result, the following task is the layout design 
for the schematic. Layout design has a strong influence on the performance of 
the product. A good electrical design can not reach its best performance if it 
was not under a corresponding level layout design. Especially, in mix signal on 
the same chip in IC design, some techniques in layout design must be carefully 
considered.  
 
a. Floorplan  
The positions of some sensitive circuits (bandgap reference) are important. 
Firstly, the position of the sensitive circuit should leave the digital sircuit as far 
as possible since which will produce a lot of noise when fast switching. 
Secondly, the better position for sensitive circuit should be far from the power 
MOS since the temperature of the power MOS will increase when the large 
current pass it.  
 
b. Shield 
The digital and analog signals will interfere with each other, so a number of 
techniques in the layout design must be used which can shield the analog 
signals from noise coming from digital switching. A shield should connect with 
the analog ground. And it resides in the place between the analog and digital 
circuitry. It perform as a barrier between the two signals running in parallel. 
See Figure 4.1.1. 

 
Figure 4.1.1 A metal strip used to shield two parallel signals 
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c. Power supply and ground 
Whenever analog and digital circuit reside together on the same chip, danger 
exits of injecting noise from the digital system to the sensitive analog circuit 
through the power supply and ground connections. Much of the intercoupling 
can be minimized by carefully considering how power and ground are supplied 
to the analog and digital circuits. 
 
The way to reduce the interference in Figure 4.1.2 is to prohibit the analog and 
digital circuit from sharing the same pin. The routing for the supply and ground 
for both the analog and digital circuits are provided separately. 
 

 
Figure 4.1.2 Using separate digital and analog pins 

 
d. Guard rings 
Guard rings should be used throughout a mixed-signal environment. Circuits 
that process sensitive signals should be placed in a separate well with guard 
rings attached to the analog VDD supply. Digital circuits should be placed in 
their own well with guard rings attached to digital VDD supply. 
 
The following Figure 4.1.3 shows the final design which is taken under 
microscope. 

 40



 
Figure 4.1.3 A photo of the chip 

4.2 Test 

4.2.1 Package Information 

The chip is in a plastic package SOT-23 with 5-lead as Figure 4.2.1 and 
Figure 4.2.2 shown. The function of each pin is: 
 
RUN: Run control input. Forcing this pin above 2.5V enables the part. Forcing 

the pin below 2.5V shuts down the device. In shutdown, all functions are 
disabled. 

 
GND: Ground pin. 
 
SW: Switch node connection to inductor. This pin connects to the drains of the 

internal main and synchronous power MOSFET switches. 
 
Vin: Main supply pin. 

 41



 
Vout: Output voltage pin. 
 

 
Figure 4.2.1 SOT-23 packgae 

 

 
Figure 4.2.2 Top view of the package 

4.2.2 Parameters 

The power supply industry has involved a set of tests and parameters that form 
the basis of power supply specifications. 
 
Line regulation 
The test for line regulation measures the amount of change in the output 
voltage in response to a change in the input voltage. The output voltage is 
measured at three input voltage levels: minimum, nominal and maximum 
specified input voltage. The line regulation give in percent, is determined by  

Line Regulation %100
)(

)()(
×

−
=

idealV
lowVhighV

out

outout  

 
Load regulation 
The test for load regulation measures the change in the output voltage in 
response to a change in the average output load current for each output. Load 
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regulation is defined as a percentage and is determined by  

Load Regulation %100
)(

)()(
×

−
=

idealV
lowVhighV

out

outout  

 
Dynamic load response time 
It basically tests for the time it takes for the regulation feedback loop to react to 
a step change in the output load current and return the output to the specified 
steady-state voltage. The response time and the shape of the response give 
an indication of the error amplifier’s DC gain and frequency compensation. 
 
Quiescent current 
Another important characteristic is the quiescent. We also call it ground current 
which is the current flowing through the system when no load is present. 

4.2.3 Test Result 

The test is achieved by using the typical application circuit as Figure 4.2.3 
shown.  

 
Figure 4.2.3 Test circuit 

 
There are two test results in Table 4.2.1 with two different editions in July. 2007 
and October.2007. The design has been modified after the test in July and the 
results was got in October is better than the first time. The line regulation, load 
regulation and Rds(on) of P-Channel FET are all improved. Another significant 
parameter is the efficiency that can be seen in Figure 4.2.4. The high 
efficiency is up to 89% by the design has been changed in July.  
 

Table 4.2.1 Test Results 
Date Symbol Parameter Test Conditions 

July October 
Unit

Vout Output Voltage Vin=3.0V, 1.737 1.812 V 
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Iload=10mA 

ΔVout 

Vout Changes 
With The 

Changing Input 
Voltage 

Vin=2.7V to 5.0V, 
Iload=100mA 113 8 mV 

ΔVout 

Vout Changes 
With The 

Changing Load 
Current 

Vin=3.0V, 
Iload=10mA to 

200mA 
60 36 mV 

Iq Quiescent 
Current Vin=EN=3.0V 345 446 μA 

Rds(on)_n Rds(on) of 
N-Channel FET

Vin=EN=3.0V, 
Iload=200mA 800 900 Ω 

Rds(on)_p Rds(on) of 
P-Channel FET

Vin=EN=3.0V, 
Iload=200mA 4020 800 Ω 

fosc Oscillator 
Frequency 

Vin=EN=3.0V 
Iload=200mA 0.86 0.85 MHz

 

Efficiency vs Load Current
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Figure 4.2.4 Efficiency 
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5. Conclusions 

The main goal of this master thesis work is to achieve good performance of the 
PWM DC-DC converter by testing it on chip, changing the circuit design and 
improving the strategies used in layout. 
 
Some conclusions that can be obtained from the test results in this project are 
listed as following: 
 

 A stable output voltage 1.8V is got with input voltage range from 2.7V to 
5.0V. 

 
 The line regulation and load regulation are good enough to compare some 

mature productions in recent years. 
 

 The efficiency is 89%. 
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6. Further Work 

A bandgap reference, an oscillator, output drivers, a voltage reference, an error 
amplifier and a PWM generator are the functional blocks form the basic PWM 
converter. All of the above circuits are implemented in this project. Other 
functions provide some higher level of functionality, which are the further work 
could be done, is usually needed in switching power supply such as  
 

 An over current amplifier that protects the supply from abnormal over 
current conditions in the load. 

 
 A soft-start circuit that starts the power supply in a smooth fashion, 

reducing the inrush current. 
 

 Under voltage lockout to prevent the supply from starting when there is 
insufficient voltage within the control circuit for driving the power switches 
into saturation. 

 
 Current-mode control to get fast transient response. 
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