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Abstract 
 This thesis work describes the implementation perspective of an integrated high 
efficiency DC-DC converter implemented in 65 nm CMOS. The implemented system 
employs the Buck converter topology to down-convert the input battery voltages. This 
converter offers its use as a power management unit in portable battery operated devices. 
 This thesis work includes the description of a basic Buck converter along with the 
various key equations involved which describe the Buck operation as well as are used to 
deduce the requirements for the various internal building blocks of the system. A detailed 
description of the operation as well as the design of each of the building blocks is included.   
 The implemented system can convert the input battery voltage in the range of 2.3 V to 
3.6 V into an output supply voltage of 1.6 V. The system uses dual-mode feedback control to 
maintain the output voltage at 1.6 V. For the low load currents the PFM feedback control is 
used and for the higher load currents the PWM feedback control is used. This converter can 
supply load currents from 0 to 300 mA with efficiency above 85%. The static line regulation 
of the system is < 0.1% and the load regulation of the system is < 0.3%. A digital soft-start 
circuit is implemented in this system. The system also includes the capability to trim the 
output voltage in ~14 mV steps depending on the 4-bit input digital code. 
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Abbreviations 
 
AC  - Alternating Current 
 
CCM  - Continuous Conduction Mode (Buck converter operation mode in 
   which the inductor current always remains positive) 
 
CMOS  - Complementary Metal Oxide Semiconductor technology 
 
DC  - Direct Current 
 
DCM  - Discontinuous Conduction Mode (Buck converter operation mode in 
   which the inductor current remains zero for some duration of the  
   switching cycle) 
 
DCR  - Direct Current Resistance (Equivalent series resistance of an  
   inductor) 
 
DFF  - Delay Flip Flop 
 
DFT  - Discrete Fourier Transform 
 
EMI  - Electromagnetic Interference 
 
ESR  - Equivalent Series Resistance 
 
IC  - Integrated Circuit 
 
LVR  - Linear Voltage Regulator (A class of voltage regulator that regulates 
   the output voltage continuously and does not involve any switching) 
 
MOSFET - Metal Oxide Semiconductor Field Effect Transistor 
 
NMOS  - N-channel MOSFET 
 
OTA  - Operational Transconductance Amplifier (used to convert the input 
   differential voltage into an output current) 
 
PFM  - Pulse Frequency Modulation (A switching scheme generally used in 
   the DC-DC converters, where the frequency of switching is varied 
   depending on the load current) 
 
PMOS  - P-channel MOSFET 
 
PMU  - Power Management Unit 
 
PSRR  - Power Supply Rejection Ratio (represents the immunity of the circuit 
   performance to the variations in the supply voltage) 
 
PWM  - Pulse Width Modulation (A switching scheme generally used in  the 
   DC-DC converters, where the width of the switching pulses is varied 
   depending on the load current) 
 
RF  - Radio Frequency 
 
SR Latch - Set Reset Latch 
 
V-I Converter - Voltage to Current Converter 
 
(W/L)  - Width over Length Ratio (usually used to represent the sizes of the 
   MOSFET transistors) 
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1 Introduction 
In the current era of portable devices, most of the devices are battery operated and majority of 
the electronic circuits used inside are implemented in CMOS technology. With the CMOS 
technology continuously evolving, the minimum transistor sizes are further scaling down to 
increase the processing speeds. However, these shrinking sizes lower the upper voltage limit 
that the transistors can tolerate across their terminals for reliable operation. On the other hand, 
the battery voltages are independent of this CMOS technology evolution and depend on the 
materials used and the electrochemical reactions involved to store the charge. In order to 
derive power from the batteries for the integrated CMOS circuits, power management units 
are employed. Fig. 1 shows a typical battery operated system with a battery as the source of 
power for an integrated circuit which internally uses a power management unit. This power 
management unit converts the voltage from the battery to the voltages required by internal 
blocks.  

 

Figure 1 : Block diagram of the battery operated systems. 

 Since these power management units are the gateway of power for the internal blocks, 
the design effort required for these units is comparable to the effort required to design the 
internal computational circuits. Highly efficient power management units are critical for long 
operational times with a limited weight of batteries. Although low power techniques applied 
to the circuits supplied by these power management units reduce the overall power 
consumption, but still getting a highly efficient power management unit is a challenge. 
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2 DC-DC Converters 
DC-DC converters are part of the power management units which are usually integrated on-
chip. In integrated circuits, there are different sections which require different voltages to 
obtain optimum power consumption [David02]. Therefore, the battery voltages are needed to 
be converted into different internal voltages and usually only down conversion is required. 
This conversion can be as simple as a resistor divider circuit which is highly inefficient and 
almost never used in real designs. This conversion is usually done by the DC-DC converters 
with a high efficiency.  
 Battery voltages vary over time. This can be due to the discharge of the battery, 
which is relatively more frequent change than due to the aging of the battery. Also, a single 
battery can be powering many modules and they can turn on-off independently, which leads 
to changes in the battery voltage seen by the other modules. Therefore, apart from the 
efficiency, stability of the output supply voltages is also very critical. DC-DC converter 
output voltages are used as supply voltages for the different circuit sections and if these 
voltages carry noise, operating points especially for the analog/RF sections would be noisy, 
leading to a lower performance of those sections. 
 The response of these converters to the variations in the load current or the changes in 
the battery voltage, generally referred to as load and line transient responses respectively, 
should be fast enough to avoid fluctuations in the output voltage. This requires some form of 
feedback from the output voltage and therefore leads to the stability considerations as well. 
The circuit techniques employed for stability should not add excessive area and power 
overhead.  
 As pointed out earlier, with very small transistor sizes in CMOS technologies the 
device stresses should also be taken into consideration. The circuit techniques and topologies 
used should ensure a reliable operation for a long life-time of the device. Apart from 
protecting the internal circuits of the IC, these converters should also be able to tolerate the 
voltage stresses themselves. Hence the critical requirements on the DC-DC converters can be 
outlined as: 

• High efficiency 
• Constant output voltage 
• Fast response to changes in the input voltage and the output load current 
• Minimum area 
• Long life-time/high reliability 
• Minimum number of off-chip components  

 
 There are different types of power management units depending on the architecture 
used, the voltage conversion factor required and the load current requirements. Power 
management units can be broadly classified as given below [pwmpc]: 
 

• Linear regulators 
• Series linear regulators 
• Shunt linear regulators 

• Switching regulators 
• PWM regulators 
• Resonant regulators 
• Switched Capacitor (SC) regulators 

 
 Linear regulators use a variable resistance to control the voltage at the output. Basic 
concept of the series voltage regulator is shown in Fig. 2. An amplifier, along with a feedback 
network, is used in the negative feedback configuration. The feedback network implements a 
feedback factor depending on the reference voltage used. As the input voltage increases or the 
load current decreases, the drop across the variable resistance is increased to keep the output 
voltage constant and vice-versa [pwmpc].  
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Figure 2 : Block diagram of a linear series voltage regulator. 
  
 Similarly, we can devise a parallel voltage regulator which shunts the current to 
control the output voltage. Linear regulators are simpler to design and the output noise level is 
low due to the continuous regulation of the output. However, these regulators suffer from a 
low efficiency at high load currents and when the difference between the regulated and the 
unregulated voltage is high. The efficiency for the linear regulators is estimated as 

    
IN

OUT

V
V

=η    (Eqn. 1) [pwmpc][spsd].  

 Now, consider converting 4.5 V to 1.2 V using a linear regulator and from (Eqn. 1), 
we can estimate the efficiency as 27 %, which is very low. 
 DC-DC converter is the term generally used for the switching regulators. Switching 
regulators usually use MOSFET switches to regulate the input voltage to a stable output 
voltage level. They employ some energy storing element (inductor/capacitor) to save the 
energy rather than dissipating it in the resistances. This energy is provided to the load on 
periodic bases. Due to the storage of energy, they can also provide higher output voltages than 
the input voltages, which is not possible with the linear regulators. 
 Pulse width modulated (PWM) regulators use the concept of changing the duty cycle 
of switching pulses to control the output voltage. Essentially a square waveform voltage is 
obtained at the output due to the switches used and this waveform is filtered out to obtain an 
average required output voltage [spsd].  
 Switched capacitor (SC) regulators employ capacitor(s) to store the charge and 
transfer it from the input voltage to a different output voltage. SC regulators usually suffer 
from losses in the switches and in the parasitic elements in the capacitances used. Although 
there had been advances for improving the efficiencies, but still the efficiencies are lower for 
the high loads than the topologies using inductor(s) for the storage of charge. 
 Resonant converters are improved versions of the PWM regulators that employ LC 
networks internally to make the current-voltage waveforms sinusoidal in some parts of the 
operating period. This can be used to reduce the switching losses. Usually these converters are 
complex, can optimize the performance around one operating point, i.e. limited load/line 
variations allowed, and have poor efficiency at the light loads [marty2]. 
 In this thesis work, a switching Buck converter is implemented as the load currents 
can vary over a wide range (0 to 300 mA), and the efficiency requirements over this range are 
high.  
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3 Buck Converter 
Buck converter is a switching step-down DC-DC converter usually with a high efficiency. A 
simple Buck converter can be implemented as shown in Fig. 3. 
 

 
 

Figure 3 : Block diagram of a basic Buck converter. 
 
 Here S1 and S2 are the switches used to chop the input voltage into a square wave 
input [pwmpc]. Switches S1 and S2 are switched on and off alternatively, but the duration of 
S1 being ‘on’ decides the duty cycle of the square wave generated. The energy storing 
element is usually an inductor, but in the switched capacitor (SC) circuits the energy is stored 
in capacitors. Due to the switching, the output voltage and the current have ripples. These 
ripples are filtered out using a low-pass filter. 
 As shown in Fig. 4(a), switch S1 can be replaced by a MOSFET switch and the 
switch S2 can be replaced by a diode which conducts when the switch S1 is off. 

 
 

Figure 4 : (a) Buck converter schematic using free-wheeling diode [pwmpc]         
(b) when the MOSFET switch S1 is on (c) when the diode D1 is on. 

  
 When switch S1 is on, as in Fig. 4(b), a current flows from VIN to VOUT and the 
inductor L is used to store the energy. When switch S1 is off, as in Fig. 4(c), the inductor tries 
to maintain the current that was flowing through it and hence supplies the current from its 
stored energy. During this period, diode D1 turns on and completes the connection to ground 
required for the current flow. This diode is also called the ‘freewheeling diode’. The inductor 
smoothes out the ripple in the current flowing through it. A capacitor is used at the output to 



  LiTH-ISY-EX--10/4408--SE 
 

19 
 

filter the voltage ripple across the load resistor Rload. Hence, the LC network performs the task 
of storing energy as well as acting as a second order low-pass filter [pwmpc]. 
 The diode voltage drop, when it conducts, can be considerable compared to the 
supply voltage when operating in low voltage technologies. Therefore, this diode is generally 
replaced by a synchronous NMOS switch [Miki97][Pinon06][Sang99]. Also the efficiency, 
for the converters operating at the switching frequencies of a few MHz, is more for the 
synchronous converters [Miki97]. A synchronous Buck converter is shown in Fig. 5. 
 

 
 

Figure 5 : Synchronous Buck converter schematic. 
 
 When the energy stored in the inductor is enough to keep a certain non-zero amount 
of current flowing through the load before it needs to replenish the energy, it is called 
‘continuous conduction mode (CCM)’. If the inductor current falls to zero before the next 
instant of the switch S1 to become on, it is called ‘discontinuous conduction mode (DCM)’. 
For high loads, continuous conduction mode is usually used, because it gives higher 
efficiency as power is always delivered to the load, rather than waiting in no current mode 
and wasting some power. The inductor current profiles for the continuous conduction mode 
and the discontinuous conduction mode are shown in Fig. 6. 
 

 
 

Figure 6 : Inductor current in (a) continuous conduction mode (b) discontinuous 
conduction mode. 
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3.1 Control Schemes 
In order to stabilize the output voltage against changes in the load current or the input battery 
voltage, different types of feedbacks can be applied. In this DC-DC converter, dual-mode 
control is implemented. During the low load condition (DCM operation mode), pulse 
frequency modulation (PFM) controls the output voltage and a constant switching frequency 
pulse width modulation (PWM) control is used to maintain the output voltage stable in the 
medium and high load conditions. 

3.1.1 Pulse Width Modulation Control 

Fixed-frequency pulse width modulation is the most commonly used technique, because it 
gives good efficiency for medium and high loads. In the fixed-frequency PWM, as the output 
load increases, the width of pulses which charge the output also increases and vice-versa. 
   

 
 

Figure 7 : Schematic of the PWM control loop. 
  
 In Fig. 7, VBG is the reference voltage which can be derived from a bandgap voltage 
reference circuit. Depending on the reference voltage used, the feedback from the output 
voltage is scaled accordingly using a simple resistor divider so that the error amplifier can 
generate an error signal. The error signal voltage is compared against a constant frequency 
ramp signal to generate pulses which either connect the battery voltage (VDD) or ground to the 
off-chip LC filter section. The gate drive to the power switches is non-overlapping to avoid 
shoot-through current. Also, due to large sizes of the power switches buffer gate drivers are 
needed. The off-chip LC filter section introduces two poles in the feedback loop. Therefore 
the loop is compensated using a compensation network around the error amplifier. More 
details can be read in section 5.6 on the loop compensation.  
 As shown in figure 8, as the load current increases, the width of the pulses applied to 
the gate of the PMOS switch also increases. Notice that the output PWM signal as shown in 
Fig. 8 is inverted before it is applied to the gates of the power switches. 
 

  
Figure 8 : Pulse width modulated signal generation with increasing load. 
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3.1.1.1 Large Signal Analysis  

Consider the switching as explained for the Fig. 4 and consider the synchronous version of the 
converter as shown in the Fig. 7. If the converter is considered to be in a steady state, and the 
switch resistances and parasitic capacitances are ignored. Then a large signal analysis can be 
done to derive the output voltage as a function of the input voltage and the duty cycle of the 
pulses. Large signal analysis done here for the PWM mode operation is similar to as done in 
[pwmpc][ipecdc]. 
 Now, consider a constant switching frequency of fs and the converter being in a 
steady state. Then, the inductor current and voltage can be plotted as shown in Fig. 9. 
 

 
 

Figure 9 : Synchronous Buck converter ideal inductor current and voltage 
waveforms. 

 
For a fixed-frequency PWM controller, the duty cycle is given by 

     
s

on

T
T

D =     (Eqn. 2), 

where Ton denotes the PMOS switch ‘on’ time and Ts denotes the switching period. The 
voltage across the inductor is given by  

dt
diLv L

L ⋅=
.
 

Consider the time interval of the PMOS switch being on, i.e. onTt ≤<0 , then the current 
through the inductor can be written as 
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(Eqn. 3), 

where ( )0Li  is the initial current at the start of the interval and ( )0Li  = 1min,LI . Therefore, 
using (Eqn.2 -3), the maximum current in this interval is given by, 

1min,1max, Ls
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L IDT
L
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−

=    (Eqn. 4). 

Similarly, consider the time interval of the NMOS switch being on, i.e. son TtT ≤< , then the 
current through the inductor can be written as 
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i )(1

   (Eqn. 5), 

where ( )sL DTi  is the initial current at the start of this interval, and ( )sL DTi  = 2max,LI . 
Therefore, the minimum current in this interval is given by, 
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   2max,2min, )1( Ls
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L ITD
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−
=    (Eqn. 6). 

In the steady state, min,LI and max,LI  in intervals onTt ≤<0
 
and son TtT ≤<  should be equal. 

Therefore, from equations 4 and 6, we can deduce that the maximum current ripple is given 
by 
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=−=−=∆ )1(min,max,  (Eqn. 7). 

From (Eqn. 7) we can also observe that 

 INOUT DVV =     (Eqn. 8). 
Hence, changing the duty ratio directly changes the output voltage level. 
 
 Small signal models of the PWM Buck converter in the continuous conduction mode 
can be developed as shown in [pwmpc] using the circuit-averaging method or using the state-
space averaging method as suggested in [keng][ned]. 

3.1.1.2 Minimum Inductance Required  

Now to maintain the operation in CCM, with no time interval with zero inductor current, the 
minimum average output load current i.e. min,oI can be written as    
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From (Eqn. 7), this leads to  
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Hence, the minimum inductance required can be computed as 
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=−=  (Eqn. 10) [pwmpc]. 

From (Eqn. 10), it can be inferred that 
• More the difference between the output and the input voltages, the larger size energy 

storing elements are required i.e. the required L value increases proportionally. 
• Increase in the switching frequency reduces the required inductor value.  

 
 These inferences play a vital role in choosing between on-chip or off-chip inductors. 
If the frequency of operation can be increased then the inductor value required proportionally 
decreases and for considerably high switching frequencies these inductors can be integrated 
on chip.  

3.1.1.3 Minimum Capacitance Required 

The inductor current ripple is shunted to the ground by the capacitor. However, the equivalent 
series resistance (RESR,c) of the capacitor limits this action and some part of the ripple is 
transferred to the output. If the output voltage ripple contribution due to the capacitance is to 
be made zero and only RESR,c should be contributing the output voltage ripple, then the 
minimum capacitance value required is given by  
 

{ }
cESRs Rf
DD

C
,

minmax
min 2

)1(,max −
=    (Eqn. 11) [pwmpc], 

 
where fs is the switching frequency. 
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 For a given voltage ripple VC,pp across the capacitor, the minimum capacitance value 
required is given by   

ppCs
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LVf
DV

C
,

2
min

min 8
)1( −

=    (Eqn. 12) [pwmpc].  

 Usually the output voltage ripple is contributed by both the capacitance and RESR,c. 
The total output voltage ripple can be estimated as  
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   (Eqn. 13) [pwmpc]. 

From (Eqn.12 -13), it can be inferred that 
 

• Equivalent series resistance should be minimized to reduce the output voltage ripple. 
• Increasing the capacitance value, decreases the output voltage ripple. 
• Minimum capacitance required reduces with increasing the switching frequency. 
• Increasing L can be traded for reducing the required capacitance, but usually this is 

not suggested. 
• Larger RESR,c of the capacitor somewhat helps in stability, as it introduces a zero. 

However, utilizing this zero fully depends on the compensation network designed. 
 
 Similar to as suggested in section 3.1.1.2, the switching frequency plays a vital role in 
choosing between on-chip or off-chip capacitors. If the frequency of operation can be 
increased then the capacitor value required proportionally decreases and for considerably high 
switching frequencies these capacitors can be integrated on chip.  
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3.1.2 Pulse Frequency Modulation Control 

Switching losses constitute the major part of the energy taken from the battery, when 
operating at low loads. Therefore, the efficiency is also low if operating in the PWM mode for 
low loads. In order to improve the efficiency at low loads, a relatively less power consuming 
control technique called ‘pulse frequency modulation’ (PFM) is used [Byron04][Sahu05] 
[Yie09][Wan08].  
 In PFM mode, the frequency of sending the output charging pulses is varied 
depending on the load. As the load decreases, the frequency of generating the output pulses 
also decreases proportionally. Hence the losses due to the constant switching are reduced and 
the efficiency increases. PFM mode can be implemented in different ways. Using a hysteresis 
comparator, or a variant of it, is the most widely used approach. Another way to achieve the 
PFM operation can be to limit the maximum current through the inductor [Chi08][Zhuo10], 
but this way the output current in this mode can be only half of the maximum current limit 
set. In a constant ‘on’ time approach, the supply variations can lead to system switching at a 
greater frequency than optimum and hence losing the efficiency [Sahu05].  
 

 
Figure 10 : Schematic of the PFM control loop. 

 
 As shown in Fig. 10, a hysteresis comparator can be used to control the output 
voltage. The output voltage ripple is defined by the delay of the loop and the hysteresis of the 
comparator. If we consider very small delay in the loop then the pulse frequency modulated 
pulse generation can be depicted as shown in Fig. 11. Here we ignore the small decrease in 
the width of pulses when the load decreases. Notice that the output PFM signal is inverted 
before applying to the gates of the power switches. 
 

 
 

Figure 11 : Frequency modulated pulses generation for the decreasing load. 
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 L and C values, chosen by (Eqn. 10) and (Eqn. 12) respectively, set the output voltage 
ripple in the PWM mode. For the PFM mode, the hysteresis value of the hysteresis 
comparator contributes the major part of the output voltage ripple. However, the PFM mode 
benefits from increasing L and C values in terms of the efficiency, as more energy can be 
stored in these elements and the switching frequency further reduces. 

3.1.3 Alternate Control Schemes 

Another similar low load control approach is ‘pulse skip modulation (PSM)’, where the 
predefined pulse is either sent to the power switches or is just skipped to keep the output 
voltage within bounds [Ping05][Yidie10]. However, the PSM mode has more output voltage 
ripple than the PWM mode [Ping05][Yidie10]. The output voltage ripple is directly dependent 
on the minimum duty cycle pulse used in the system and on the frequency of making decision 
of whether to send or not to send the pulse to the output. 
 Another technique for low load control is ‘pulse train (PT) control’ technique as 
described in [Chuang04][Mark04][Feng08]. In this technique, depending on the load current, 
different pulses with fixed duty cycles are used. Although by using the pulse train control 
technique the transient times can be reduced, but still the control resolution is limited by the 
number of different pulses used. 
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4 System Description 
The implemented DC-DC converter, at the core, consists of a dual-mode output voltage 
control using the two PFM-PWM control loops as shown in Fig. 12. In order to switch 
between the two modes of operation, a switching scheme controller in combination with a 2:1 
multiplexer is used. The switching scheme controller uses the load current information to 
switch between the control loops. PWM control loop is enabled when the load current is high 
enough to keep the operation in the continuous conduction mode. PFM control loop is 
enabled when the load current is low and the inductor current exhibits the discontinuous 
conduction mode. 
  

 
 

Figure 12 : Block diagram of the combined PFM-PWM dual-mode control. 
 
 The requirement specifications for the system are given in Table 1. The requirements 
on the DC-DC converter play a vital role for making the system level decisions and deciding 
on the topologies to use for the different internal blocks. 
 The operating frequency is the most important parameter to start the design process, 
as it sets the minimum load/line transient response times as well as the output voltage ripple 
in conjunction with the values for the LC network components. The upper limit of the 
switching frequency to be used is specified to be at maximum 3 MHz. Therefore, using 
(Eqn.10, 12), the minimum required L and C values can be calculated. However, to further 
improve the efficiency at the low loads and to maintain the output voltage ripple at a low 
value, the off-chip LC filter section’s LC values of C = 2.2 µF and L = 2.2 µH (values 
available in E12 series) are used, which are higher than the values calculated using (Eqn.10, 
12). The capacitor’s equivalent series resistance is chosen to be the maximum specified i.e. 25 
mΩ. Since the load current is supplied through the inductor, DC resistance (DCR) of the 
inductor should be the minimum to get a better efficiency. This DCR value entirely depends 
on the inductor type used and in this system it is chosen to be 100 mΩ. 
 The transistors used for the implementation of all the blocks are 65 nm CMOS thick 
oxide 2.5 V devices with 3.3 V overdrive voltage and with maximum voltage rating of 3.6 V 
between any two terminals of the transistor. Power switches’ on resistance conduction losses 
constitute the major portion of the power consumption as the load current passes through 
them. Therefore, the on resistances of these switches are to be minimized. However, area 
consideration and the power consumption in the gate driver circuits impose an upper limit to 
the sizes of these MOSFETs. The optimum sizes of the power switches can be obtained by 
making the total switch losses minimum by equating the conduction losses and the switching 
losses [Siamak06][Siva04]. The power switches’ sizes chosen for this implementation are 
(W/L)PMOS = (8500 µm/400 nm) and (W/L)NMOS = (4050 µm/500 nm). 
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Table 1 : Requirement specifications for the DC-DC converter. 
 

Parameter Units Requirement 
Min Typ Max 

Input voltage V 2.3  4.5 
Junction temperature range C -40 60 115 
Regulation time 
(assuming maximum load capacitance) µs   1000 

Output Voltage 1 (Digital Blocks) V 1.14 1.2 1.3 
Output Voltage 2 (RF/Analog Blocks) V 1.5 1.6 1.7 
Output Voltage transient regulation 
(0 -> 200 mA output current ramp time 10 µs) mV   60 

Line regulation (Over full Input Range) %   1.5 
Load regulation (Over entire Load Range) %   1.5 
Output Voltage Trimming (4-bit) mV 20   
Output Current mA 0  300 
Efficiency (load 10 mA) %  85  
Efficiency (load 100 mA-300 mA) % 90   
External capacitor µF  4.7 10 
External capacitor ESR mΩ   25 
External inductor µH   4.7 
DC-DC Switching frequency MHz 1  3 
Overall Quiescent current µA   200 
Power Supply Rejection Ratio @ 10 KHz (Iout = 100 mA) dB  50    
Power Supply Rejection Ratio @ 100 KHz (Iout = 100 mA) dB  40    
Power Supply Rejection Ratio @ 1 MHz (Iout = 100 mA) dB  25    

    
 Due to the large sizes of the power switches, their gate capacitances are also very 
large and therefore buffer drivers are needed to switch those transistors. Also the input 
switching pulses should be converted into two non-overlapping pulses which drive the buffers 
for the PMOS and the NMOS power switches. Ensuring that there is some non-overlapping 
period is crucial from the power consumption and the reliability point of view, as if both the 
PMOS and NMOS switches are turned on together for some period, huge shoot-through 
currents can pass through them from the supply to the ground. However, during this non-
overlapping period, both the switches are off and the inductor tries to pull current through the 
body diode of the NMOS power switch, which gives a high resistance path and hence reduces 
the efficiency [pwmpc]. More details on the design of non-overlapping gate drives for the 
power switches are included in section 5.11. 
 The comparator used to compare the ramp signal against the error signal is a 
continuous voltage comparator, as during the load/line transients the error signal can vary 
over the full range from 0 to VDD and also it gives the ability to utilize the entire period of the 
ramp signal to generate the pulses of different widths. Input offset voltage of the comparator 
is somewhat compensated by the error amplifier in the loop by changing the error voltage. 
However, it should be reasonable as a very large offset voltage limits the swing of the output 
of the error amplifier and hence the output voltage control is limited. The details of the 
continuous voltage comparator design are included in section 5.1. 
 The error amplifier DC-gain should be high to limit the error in the steady state 
output voltage [Pinon06][marty]. Apart from generating the error signal, the error amplifier is 
also used to compensate the phase in the closed loop by using some passive components 
around it. Implementing this loop compensation around the error amplifier leads to the 
requirement of a high bandwidth of the error amplifier to achieve a high closed loop 
bandwidth of the compensated system [Pinon06][marty]. Input offset of this amplifier directly 
translates to the output voltage change, therefore the input offset voltage is to be minimized. 
The design of the error amplifier is described in section 5.7 and the loop compensation is 
explained in section 5.6. 
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 The sawtooth generator block generates the ramp signal needed for the comparison 
with the error signal. The implemented structure employs a voltage feed-forward technique to 
improve the line transient response of the DC-DC converter system and also uses an internal 
ring oscillator to generate the time reference. This block requires a constant supply voltage for 
the ring oscillator to generate a constant frequency over the entire range of the input battery 
voltage. To generate this internal supply voltage, a linear series voltage regulator is also 
implemented. A detailed description of the implemented sawtooth generator and the linear 
series voltage regulator is included in the sections 5.2 and 5.3 respectively.  
 Hysteresis comparator is the sole control element in the PFM control loop. Therefore 
the thresholds of this comparator should be well controlled as the hysteresis value directly 
dictates the output voltage ripple. Also, the delay through the hysteresis comparator should be 
minimized to keep its contribution to the output voltage ripple to a minimum value. The 
implemented hysteresis comparator structure is explained in section 5.9.  
 The schematic of the implemented DC-DC converter is shown in Fig. 13. As 
compared to the Fig. 12, there are a couple of more blocked included to either aid in the 
operation of the converter or to improve the performance of the system. Starting with the zero 
inductor current sensor block (dc_dc_zero_L_iSensor), this block is used to detect the 
instant when, during the NMOS power switch ‘on’ period, the inductor loses all of its energy. 
This information is used to turn off the NMOS power switch to improve the efficiency. More 
details are included in the section 5.10. 
 Using the same information, the system can know that the load current is low and the 
inductor current is in the DCM operation mode, so the system can switch to the PFM mode. 
In the switching scheme control block (dc_dc_Switching_Scheme_Control), these 
NMOS turning off instances are counted and if 10 of them occur in a row, the mode is 
changed from the PWM mode to the PFM mode.  
 Switching from the PFM mode to the PWM mode is decided by measuring the peak 
inductor current. In current implementation if the inductor current crosses 200 mA, the mode 
is switched from the PFM mode to the PWM mode. The switching scheme control block 
design is explained in section 5.13. 
 The process of changing from the PFM mode to the PWM mode should be quick 
because the load is increasing and if the system response is slow, the output can reduce 
significantly. To aid in this switching process, when in the PFM mode, the compensation 
capacitors around the error amplifier are clamped to a pre-defined voltage, which is the 
average steady state error signal value. Therefore the next time when the mode is changed 
from the PFM mode to the PWM mode, the error amplifier has to slew lesser to reach a stable 
error signal at its output. This operation is implemented in the compensated error amplifier 
output clamp block (dc_dc_Compensated_EA_Output_Clamp) and its operation is 
explained in section 5.8. 
 Load current sensor block (dc_dc_Load_current_sensor) is used to sense the 
current flowing through the PMOS power switch and is explained in section 5.12. This circuit 
employs a sensing MOSFET to generate a scaled replica of the current flowing through the 
PMOS power switch. This information is used to detect the PFM mode to the PWM mode 
switching boundary in dc_dc_PWM_Threshold_Current_Comparator block. Also 
this PMOS switch current information is used in dc_dc_Over_Current_Detection 
block to detect the over-current condition for the PMOS power switch. In order to compare 
against the boundaries set for these conditions, current comparators are used. The structure 
used for the current comparators is explained in section 5.14. 
 Mode signal buffer block (dc_dc_Mode_Signal_Buffer) is used to make sure 
that the mode of operation of the system, instead of being changed asynchronously, is 
changed at the end of the sawtooth waveform cycle. Changing the mode at the end of the 
sawtooth wave cycle helps to get rid of the unwanted peaks or undershoots that can happen at 
the output during the mode changes. 
 Sawtooth generator enabler block (dc_dc_sawtooth_generator_enabler) is 
used to enable the sawtooth generator whenever the system operates in the PWM mode. Mode 
signal buffer and the sawtooth generator enabler blocks are described in section 5.17. 
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Figure 13 : DC-DC converter schematic. 
   
 Soft-start block (dc_dc_soft_start) is used to limit the output capacitor 
charging current pulses at the startup of the system. This soft-start is implemented by 
increasing the reference voltage vBG_ramped, used in the control loops, digitally in 16 
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steps. The soft-start procedure is explained in section 5.15. The bandgap circuit 
(dc_dc_Bandgap) used here is a predefined block and only the simulation results are 
included in this report. The output voltage from this bandgap circuit is 1.22 V and also a 
reference current of 10 µA is generated using this bandgap circuit. This reference current is 
mirrored and distributed to all the system components in dc_dc_current_mirrors 
block. 
 dc_dc_bound_step block shown in Fig. 13 is a Verilog-A implementation of the 
simulator maximum step size limiting. This block was used to just get the maximum time step 
information in the schematic itself.  
 Trimmed feedback block (dc_dc_trimmed_FB), explained in section 5.16, is used 
to change the feedback factor so that the output voltage can be tuned. 4-bit digital trimming is 
implemented in this system.  
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5 System Components 
The different internal blocks of the DC-DC converter system, as shown in Fig. 13, are 
described in this section. Apart from the description of the structures implemented, the 
simulation setups and the typical case results are also included. 
 All the blocks use internal enable signals which are generated from the input enable 
signal using the inverters. Generating internal enable signals reduces the load capacitance 
seen for the enable signal at the system top level. 

5.1 Continuous Voltage Comparator 
During the transients of load or line, the amplified error signal voltage goes up or down 
depicting the changes in the output voltage. The time instant when the amplified error voltage 
crosses the sawtooth wave also varies. Therefore the comparator should be able to take the 
decision in the whole period of the sawtooth waveform. This requires a continuous voltage 
comparator implementation.  

The structure implemented, shown in Fig. 14, is similar to as in [opacomp] 
[Cheung04][Wan08], which employs a positive feedback in the first differential stage to 
increase the gain. This differential input stage is followed by a differential to single ended 
converter amplification stage and a chain of inverters. The differential to single ended 
amplifier in the open-loop configuration in the first two stages amplifies the input difference 
and the inverters in the following stages raise the result at the output to the rail voltages. 
Optimally-sized inverter chain allows to increase the driving capability without increasing the 
delay much [holberg]. The gain of the first stage is enhanced by using the positive feedback 
and is given by, 
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is the positive feedback factor [Wan08]. Value of α should be below 1, as at α = 1 the first 
stage converts into a positive feedback latch and for α > 1 the circuit behaves as a hysteresis 
comparator [opacomp]. The value of α used is 0.75, which gives a gain enhancement of 4.  
 As shown in Fig. 14, internal enable signals are generated from the input enable 
signal using the inverters. These internal enable signals, in conjunction with the MOSFET 
switches M24, M27-31, are used to turn off the internal bias current distribution as well as to 
tie the internal nodes to known values to avoid unintended switching and current conduction. 
The tail bias current for the first stage is set to be equal to the 10 µA input reference current. 
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Figure 14 : Continuous voltage comparator schematic.  
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5.1.1 Comparator Simulations 

The testbench used is shown in Fig. 15. The reference current is derived from an ideal current 
source of 10 µA using a current mirror. The load capacitance is kept 0.5 pF and the supply 
voltage is derived from an ideal voltage source. The negative input terminal of the comparator 
is connected to a constant voltage source with value vInNeg. The positive input is supplied 
using a piecewise linear voltage source and the values of the voltages that it delivers are 
shown in Fig. 15.  

 

 
 
 
 Apart from the testbench setup shown in the Fig. 15, other simulation conditions used 
are summarized in Table 2. For calculating the delay and the input range, as explained in 
sections 5.1.1.1 and 5.1.1.2 respectively, SKILL scripts are used and are given in section 10.1. 

 
Table 2 : Simulation conditions for the continuous voltage comparator. 
 

Parameter Value used 
Temperature 60° C 
Process Corner Typical 
Supply Voltage (VDD) 3.3 V 

5.1.1.1 Delay 

Delay through the comparator is the time taken to change the output voltage logic level, after 
the input voltages’ difference crosses the zero value [opacomp]. Measuring the delay for the 
continuous comparators is not as straight-forward as is for the clocked versions. This is 
because as the input difference increases, the delay through the comparator decreases. 
Therefore, if one of the inputs is changing continuously, e.g. the sawtooth wave in this 
system, then the delay will be a function of the input signal slope. The delay is maximum 
when the input voltages’ difference, initially being a large value, changes sign and settles to a 
very small value [opacomp].  

In order to measure the delay for a specified input difference, one input is kept 
constant and the other input is switched from VDD/GND, depending on whether simulating 
falling/rising edge, to the specified value with a very high slope. For example, if VDD= 3.3 V 
and we want to calculate the delay for the input difference of 50 mV, then vInNeg is kept at 
1.65 V and vInPos is switched from 0 V to 1.7 V in a very short duration of time. With 

Figure 15 : Continuous voltage comparator testbench. 
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these values, we will get the delay for the output going to logic high and we can refer this to 
as the rising edge delay. 
 

 
 

Figure 16 : Delay through the continuous voltage comparator for different input 
voltage differences, being swept by varying vInPos for VDD = 3.3 V and  

vInNeg = 1.65 V. 
 

In Fig. 16, the ‘rising’ curve refers to when vInPos is switched from 0 V to 
vInPos value in 1 ps, so that the output switches from 0 to VDD. The delay value is the time 
difference of the instant when vInPos is switched and when the output reaches VDD/2 
value. Similarly, the ‘falling’ curve refers to when vInPos is switched from VDD to vInPos 
value in 1ps, so that the output switches from VDD to 0.  

As can be observed from the Fig. 16, for most of the input difference range the falling 
edge delay is below 6 ns and the rising edge delay is around 7 ns. The peak at the centre of the 
plot is due to a very small difference in the inputs which leads the differential to single ended 
amplifier stage of the comparator to take more time to reach the switching points of the 
following inverters. 

The delay in the implemented structure can be further reduced by increasing the tail 
bias current in the first input differential stage, which essentially increases the current 
available to charge the first stage output node parasitic capacitances [opacomp]. 

5.1.1.2 Input Range 

Another parameter to consider in a comparator design is the input range. Input range values 
depend on the upper limit of the acceptable delay through the comparator. Consider Fig. 17, 
which shows the delay through the comparator as a function of the input common-mode 
voltage. The ‘rising’ curve refers to when vInPos is switched from 0 V to (vInNeg+50 
mV) value in 1 ps, so that the output switches from 0 to VDD. The delay value is the time 
difference of the instant when vInPos is switched and when the output reaches VDD/2 
value. Similarly, the ‘falling’ curve refers to when vInPos is switched from VDD to 
(vInNeg-50 mV) value in 1 ps, so that the output switches from VDD to 0. Note that here 
the input difference is kept constant at 50 mV. 
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Figure 17 : Delay through the continuous voltage comparator when the input 
common-mode is swept keeping a constant 50 mV input difference, VDD = 3.3 V. 

 
 Hence if 10 ns is the upper limit on the delay through the comparator, then from Fig. 
17, we can easily infer that the input range is around 0 V to 2.5 V with minimum 50 mV 
difference between the inputs. 

5.1.1.3 Input Offset 

For calculating the input offset of the comparator, a DC analysis can be done. One of the 
inputs can be kept fixed and the other input swept with a step-size corresponding to the 
resolution required. For the typical case, VDD = 3.3 V, vInNeg = 1.65 V, vInPos swept in 
DC Analysis, the input offset value is  ̶ 1.3 mV. 
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5.2 Sawtooth Generator 
Pulse width modulator is the term generally used for the combination of the compensated 
error amplifier, sawtooth generator and the continuous voltage comparator blocks. As shown 
in Fig. 18, the pulse width modulator uses a sawtooth (ramp) waveform to compare with the 
feedback error signal and generates an output pulse with its duty cycle being decided by the 
feedback error signal.  

 
 

Figure 18 : (a) Pulse width modulator and (b) pulse width modulated signal 
generation. 

 
 Using a constant slope linear ramp wave as the reference gives a constant gain for the 
pulse width modulator over the entire range of control. If we use a nonlinear ramp wave, the 
low frequency line to output voltage transfer function although is negative, but not zero as in 
the case of the ideal linear ramp [Jian07]. 
 A simple way to implement the sawtooth generator is shown in Fig. 19. At the start of 
the cycle, the PMOS transistor is on and the output capacitor C starts charging from the 
current source I1. The output voltage rises linearly as the capacitor is charged using a 
constant current source. After reaching the upper threshold of VREF+, the upper comparator’s 
output voltage goes high and sets the SR latch. Therefore, I1 is disconnected from the output 
capacitor and the output capacitor starts discharging through the NMOS transistor with a 
current defined by I2. Now, the output voltage decreases linearly and after reaching the 
lower threshold of VREF- , output of the lower comparator goes high resetting the SR latch. 
This cycle is continuously repeated to create the sawtooth signal required. 
 

 
 

Figure 19 : Commonly used ramp generator schematic. 
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 Similar structures are implemented in [Cheung04][Tihomir08][Wan08][Yie09]. The 
reference voltages VREF+ and VREF- define the maximum and the minimum voltage levels of 
the output ramp signal. The rise time for the ramp signal can be approximated as 

𝑡𝑟𝑖𝑠𝑒 =
𝐶 × (𝑉𝑅𝐸𝐹+ − 𝑉𝑅𝐸𝐹−)

𝐼1
 

          (Eqn.15). 

Similarly the fall time for the ramp signal can be approximated as  

𝑡𝑓𝑎𝑙𝑙 =
𝐶 × (𝑉𝑅𝐸𝐹+ − 𝑉𝑅𝐸𝐹−)

𝐼2
 

            (Eqn.16). 
 For generating a ramp wave the current sink I2 should be stronger than the current 
source I1, otherwise a triangular wave is generated. By varying the currents I1 and I2 
dynamically, a variable frequency can be achieved. A similar approach is followed in [Yie09], 
where the error signal is used to increase the discharge time of the capacitor which decreases 
the switching frequency proportionally. 
 In the above topology, if the output voltage swing of the sawtooth generator is to be 
kept rail-to-rail, generally VREF+ and VREF- are derived from the supply voltage i.e. VDD. Also 
generally I1 and I2 are derived from the reference currents by mirroring, and hence do not 
vary much. However, when the supply is varied, e.g. 2.3 V to 3.6 V, the output wave does not 
sustain the same frequency because of the change in the reference voltages as shown in the 
Fig. 20. 

 
 

Figure 20 : Supply variations affecting the output frequency of the conventional 
sawtooth generator using the constant current sources. 

 
 This change in the frequency can be useful, if at the lower supply voltages we need a 
higher frequency. However, for the applications where the fixed frequency operation is 
desired and/or the voltage range over which the supply voltage can vary is large, then this 
frequency change is undesirable. One solution to this issue can be to vary the currents I1 and 
I2 proportionally to the supply voltage. This can be done by employing a V-I converter 
circuit, to charge the capacitor, which outputs a current value proportional to the supply 
voltage. The resulting output voltage waveforms are shown in Fig. 21. 
 

  
Figure 21 : Supply variations for the conventional sawtooth generator using varying 

current sources. 
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 However, we have to consider the power consumption of this V-I converter along 
with the power consumption of the two continuous voltage comparators. The comparators 
used in this topology are used to provide the time reference for the output frequency. 
Therefore, changes in the input offset voltage and the delay through the comparators will 
reflect as the change in the output frequency. Also, variations in the V-I converter 
characteristics will vary the currents and hence the output frequency. The output capacitor 
value and the on resistance of the switches can also vary over the process corners, which can 
also lead to a change in the output frequency. 
 Using the supply voltage information to change the charging/discharging currents is 
known as the ‘input voltage feed-forward compensation technique’ [Jader07][Jian07] 
[Luigi92] [Marian00]. As pointed out in [Luigi92][Marian00], for the Buck converters this 
feed-forward factor can be an arbitrary constant greater than zero, which gives a linear 
relation between the input supply voltage and the peak output voltage of the sawtooth 
waveform. Using the feed-forward compensation technique improves the line regulation and 
the input impedance of the whole DC-DC converter [Luigi92][Marian00]. Open-loop DC and 
small signal analysis for the Buck PWM DC-DC converter with the peak-voltage-modulation 
are given in [Jian07] [Marian00]. 
 Another approach to implement the sawtooth generator is to employ a ring oscillator 
to generate the time reference and use a V-I converter to vary the slope proportional to the 
supply voltage as shown in Fig. 22. In the current DC-DC converter system implementation, 
this approach is followed as this approach is more modular. 
 

 
 

Figure 22 : (a) Implemented sawtooth generator (b) the output waveform along with 
the ring oscillator output pulses. 

 
 As shown in Fig. 22, the reference voltages are generated which are proportional to 
the supply voltage. These voltages are used by a transconductor to generate a current which is 
hence proportional to the supply voltage. This current is used to charge a capacitor and to get 
the rising edge of the ramp approximation at the output. The ring oscillator generates the 
pulses to indicate the end of a period and the capacitor is quickly discharged to ground 
through a large NMOS transistor to get a sharp falling edge. 
 A gm-C integrator similar to as in [Jader07] is implemented, shown in Fig. 23, which 
utilizes the linear dependence of the small-signal transconductance of a MOSFET on the drain 
to source voltage VDS in the triode mode of operation. Assuming, the transistors in the circuit 
are pair-wise matched, the current that charges the capacitor can be approximated as 

 
 (Eqn. 17) [Jader07], 
 

where  Vx         = vInCM is proportional to the supply voltage, 
 ∆VA   = (vInCM_Plus_Control_Voltage – vInCM) is the input difference 
  applied to the transconductor. 
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Figure 23 : Sawtooth generator schematic. 
 
As shown in the schematic in Fig. 23, the sawtooth generator consists of:  

• Ring Oscillator – to provide the time reference to periodically discharge the 
capacitor and hence decide the output ramp frequency 

• Resistor Divider – to generate the two voltage references with the sensitivity of 1 to 
the supply voltage 

• Operational Transconductance Amplifier - A single stage OTA structure is used to 
force VDS < (VGS - Vtn) on M15 and M16 transistors. The gate voltages for these 
transistors are derived from the resistor divider network. 

• gm-C Integrator section – to charge the output capacitor with a current proportional 
to the supply voltage. The difference of the gate voltages on the transistors M15 and 
M16 is converted into a proportional current that is used to charge the output 
capacitor. 
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 It should be noted that since the output of the sawtooth generator is not buffered, care 
must be taken to keep the load capacitance small. Increasing the load capacitance excessively 
will result in a change in the slope profile of the output and will reduce the peak output 
voltage. In order to drive a large load capacitance a buffer stage is needed. 

5.2.1 Ring Oscillator 

To generate the time reference, a simple six stage ring oscillator is used. To isolate the ring 
oscillator from the supply voltage variations, the ring oscillator is powered from a constant 
voltage supply of 1.6 V derived using a linear series voltage regulator.  
  The delay cell implemented is shown in Fig. 24, which is similar to as suggested in 
[Xiao04]. This circuit uses only 4 inverters and no explicit capacitors are needed. In choosing 
the delay cells’ structure, the current drawn by the structure from the supply should also be 
considered. A structure with a lesser ripple on the average current drawn from the supply is 
better from the perspective of sending noise to the supply lines.  
 

 
 

Figure 24 : Schematic of the delay cell used in the ring oscillator of the sawtooth 
generator. 

 
 The ring oscillator schematic is shown in Fig. 25. Since the output of the internal ring 
oscillator is with a voltage swing between 0 V and 1.6 V, a level-shifter is used to convert this 
swing to 0 to VDD.  The output frequency of this internal ring oscillator is ~10.75 MHz and  is 
then divided by 4 to get the required frequency (~2.682 MHz). Since we only need a sharp 
pulse of this frequency to quickly discharge the output capacitor, a simple pulse generator is 
implemented using a delay cell alongwith a NOR gate. 
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Figure 25 : Schematic of the ring oscillator used in the sawtooth generator. 
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5.2.2 Three Input Operational Transconductance Amplifier 

An operational transconductance amplifier is used in order to force the transistors M15 and 
M16 into the linear region. The operational transconductance amplifier structure implemented 
is a three input single stage transconductance amplifier, with its positive input shared between 
the two differential inputs. The implemented structure is similar to as implemented in 
[Jader07] and is shown in Fig. 26. 

 
 

Figure 26 : Three input OTA structure used in the sawtooth generator. 
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5.2.3 Simulation Setup 

The testbench used for simulating the sawtooth generator is shown in Fig. 27. As can be 
observed, instead of using a constant ideal voltage source for the internal 1.6 V supply, the 
actual implementation of the linear series voltage regulator is included in this testbench to 
observe the behavior of the linear series voltage regulator as well. The load capacitance used 
is 50 fF and the reference bias current is derived using current mirroring from a constant ideal 
current source with a value of 10 µA. 

 
 

Figure 27 : Sawtooth generator testbench. 
 
 Apart from the test conditions specified in Fig. 27, other simulation conditions used 
are summarized in Table 3. 
 

Table 3: Sawtooth generator simulation conditions. 
 

Parameter Value used 
Temperature 60° C 
Process Corner Typical 
Supply Voltage (VDD) 3.3 V 
Bandgap Voltage (vBG) 1.22 V 

5.2.4 Simulation Results 

In the requirement specifications, the maximum operating frequency of the DC-DC converter 
is limited to 3 MHz. Therefore the sawtooth generator circuit is designed to oscillate at 2.682 
MHz with ~10 % margin for the process varaitions. Table 4 summarizes the simulation results 
obtained for the different supply voltages. 
 

Table 4 : Typical case simulation results for the sawtooth generator. 
 

Supply 
Voltage 

Output Ramp 
Frequency 

Output Peak 
Voltage 

LVR Average 
Output Voltage 

LVR Output 
Voltage Ripple 

2.3 V 2.684 MHz 1.922 V 1.599 V 8 mV 
3.3 V 2.682 MHz 2.865 V 1.6 V 7 mV 
3.6 V 2.681 MHz 3.179 V 1.599 V 9 mV 
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 It is also interesting to look at the power consumption of the internal blocks of the 
sawtooth generator. Also this information is useful to estimate the system efficiency 
improvement if we plan to share some of the resources with some other blocks. Table 5 lists 
the average current consumption for the different internal blocks of the sawtooth generator. 
 

Table 5 : Sawtooth generator internal blocks’ power consumption distribution 
at VDD = 3.3 V. 

 

Block Supply Voltage Average Current 
Consumption (µA) 

Linear Series Voltage Regulator 3.3 V 52.676 
Ring Oscillator 3.3 V 94.439 
Single Ring Oscillator Delay Cell 1.6 V 1.624 
Three Input Operational 
Transconductance Amplifier 

3.3 V 37.824 

Total Sawtooth Generator 3.3 V 183.17 
 

 From the top DC-DC converter system point of view, the linear series voltage 
regulator and the sawtooth generator power consumptions combined together constitue the 
power spent in generating the ramp signal. From the Table 5 current consumption values, we 
can easily infer that the efficiency for the linear series voltage regulator is very low. However, 
at the top level in the DC-DC converter, this linear series voltage regulator output voltage also 
supplies around 10 µA more current to a resistor divider network. Therefore the efficiency of 
the linear series voltage regulator is a bit better in the top level DC-DC converter system than 
in this testbench. The output voltage waveforms of the sawtooth generator at different supply 
voltages are shown in figures 28, 29 and 30. 
 

 
Figure 28 : Sawtooth generator output waveform at VDD = 3.3 V. 
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Figure 29 : Sawtooth generator output waveform at VDD = 2.3 V. 

 

 
Figure 30 : Sawtooth generator output waveform at VDD = 3.6 V. 
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5.3 Linear Series Voltage Regulator 
As explained in the section 5.2, the sawtooth generator requires a constant voltage source 
which can supply power to the ring oscillator block. The current requirements on this voltage 
are low (average < 30 µA), so a simple linear series voltage regulator (LVR) is implemented 
to generate 1.6 V supply voltage internally. The structure implemented is similar to as in 
[acd][Gabriel98] and is shown in Fig. 31. 
 

 
 

Figure 31 : Linear series voltage regulator schematic. 
 
 The circuit uses a simple resistor divider network as a feedback network. A capacitor 
in conjunction with a resistor in its series is used to stabilize the regulator. In this 
implementation, the enable transistor is used in series with the pass transistor to increase the 
supply rejection somewhat and also the pass transistor size is small because the load current 
requirement is small. Generally the pass transistor size is kept large to reduce the dropout 
voltage, to increase the driving capability and the efficiency of the regulator. However, 
increasing the load driving capability also increases the demand on the compensation 
network. Therefore this LVR is designed to fulfill the low load requirements with a small 
compensation. 
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5.3.1 Simulation Setup 

The testbench used for simulating the linear series voltage regulator is shown in Fig. 32. 
 

 
Figure 32 : Linear series voltage regulator testbench. 

 
 As shown in Fig. 32, for measuring the stability iprobe component from 
analogLib library is used in the loop. This way the stability analysis (stb) can be done, and 
the closed loop gain and phase can be plotted. Also, Fig. 32 depicts the DC solution found for 
the stb analysis, where the load is kept as 20 µA. Apart from the conditions shown in Fig. 32, 
the other simulation conditions used are specified in Table 6. 
  

        Table 6: LVR simulation conditions. 
 

Parameter Value used 
Temperature 60° C 
Process Corner Typical 
Supply Voltage (VDD) 3.3 V 
Load Current 20 µA 
Bandgap Voltage (vBG) 1.22 V 

5.3.2 Simulation Results 

For the simulation conditions given in the Table 6, the results obtained are given below in 
Table 7. The closed loop bode plots along with the noise analysis results are included in 
section 5.3.2.1. 

  Table 7 : Typical case results for LVR. 
 

Result Value 
Closed Loop Phase Margin 62.45 Degrees 
Closed Loop Gain Margin 24.41 dB 
Average Output Voltage 1.6 V 

Maximum Load Capability 40 µA 
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5.3.2.1 Stability and Noise Analysis 

The closed loop bode plots for the linear series voltage regulator are shown in Fig. 33. In 
order to get a stable linear series voltage regulator, the closed loop gain should have enough 
phase margin.  
 

  
Figure 33 : Closed loop gain and phase bode plots for the linear series voltage 

regulator. 
 

 For performing the power supply rejection and noise analysis, the same DC solution 
as shown in Fig. 32 is used and the obtained results are shown in Fig. 34. 

  
Figure 34 : Linear series voltage regulator (a) gain from the supply voltage to the 

output (b) equivalent output noise voltage.  
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5.3.2.2 Load/Line Variations 

In order to test the circuit under the load/line variations, the variations applied to the load 
current and the supply voltage are shown in Fig. 35. The load current is varied in 10 ns time 
with a constant slope. The supply voltage changes are done in 300 ns time. Fig. 35(a) shows 
the typical startup when the enable of the regulator is tied to VDD. Here VDD ramp time is 2 
µs. Also the output voltage response, to the load and line variations, is included in Fig. 35(a). 
Fig. 35(b) shows the load current variations applied. 
 

 
(a) 

 
(b) 

 
Figure 35 : LVR load/line variations’ transient responses (a) the output voltage, 

supply voltage and the bandgap voltage (b) load current variations applied. 
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larger than 40 µA without experiencing a significant dip in the output voltage. Therefore, the 
output voltage falls drastically as shown in Fig. 35(a) when a high load current spike occurs. 
However, the output voltage recovers after the spike of the load current is over and returns to 
its nominal output voltage of 1.6 V. 
 As the slope of the changes in the supply voltage is decreased, the output voltage 
variations reduce. For the top level simulations for the DC-DC converter, the line variations 
are done in 10 µs time span. Testing under the similar condition of 10 µs time for a line 
change, the LVR output voltage shows negligible variations. 
 The amplifier in the feedback control loop needs VDD to rise to some value, so that 
the amplifier has enough gain to track the changes in the reference voltage. As shown in Fig. 
35(a), this leads to a discontinuity in slope of the output voltage during the startup. Increasing 
the rise time for the reference bandgap voltage vBG will reduce the severity of this 
discontinuity. 
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5.4 OTA for LVR 
The amplifier needed for the linear series voltage regulator can be an ‘operational 
transconductance amplifier (OTA)’ as the load driven is only the parasitic capacitors at the 
gate of the pass transistor. The gain requirements on this block are moderate. Therefore a 
simple miller compensated two-stage differential to single ended amplifier is implemented. 
The design steps for the OTA design are well explained in [holberg][johns]. The implemented 
structure is shown in Fig. 36. 

 
 

Figure 36 : Schematic of the OTA for the LVR. 

5.4.1 Simulation Setup 

The testbench used for the simulations of the OTA is given in Fig. 37. The bias current is 
derived using current mirroring from a constant ideal current source with a value of 10 µA. 
Fig. 37 also depicts the DC solution used for doing the AC analysis for calculating the gain of 
the amplifier. 

 
 

Figure 37: Testbench of the OTA for the LVR. 
 
 Apart from the simulation setup shown in Fig. 37, other simulation conditions used 
are given in Table 8. 
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 Table 8: Simulation conditions for the OTA for the LVR. 
 

Parameter/Variable Value used 
Temperature 60° C 
Process Corner Typical 
Supply Voltage (VDD) 3.3 V 
Load Capacitor (Cload) 100 fF 
Input Frequency (Freq_In) 500 KHz 
Input DC Voltage (vInDC) 1.22 V 
Input Amplitude (Amp) 1 mV 

 
The expressions used for calculating the gain and phase of the amplifier in the AC analysis 
are given below:  
 
Gain = dB20(VF("/vOut") / (VF("/vInPos") - VF("/vInNeg"))) 
Phase = phase((VF("/vOut") / (VF("/vInPos") - VF("/vInNeg")))) 

5.4.2 Simulation Results 

The simulation results obtained for the OTA are given in Table 9. 
 

Table 9 : Typical case results for the OTA for the LVR. 
 

Result Value 
DC-Gain 70.79 dB 
Unity Gain Frequency   25.48 MHz 
Phase Margin 71.05 Degrees 
Gain Margin 26.99 dB 
Bandwidth 82.45 KHz 
Input Range 0 V to 2.575 V 
Output Range 748 mV to 3.005 V 
CMRR 72.424 dB 
Slew Rate 15.95 V/µs 

 
The bode plots obtained in the AC analysis are shown in Fig. 38.  
 

 
Figure 38 : Open loop gain and phase bode plots for the OTA for the LVR. 
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 Generally the power supply rejection is specified as a profile for the gain from the 
supply to the output voltage. Therefore, instead of giving a single value, it is more informative 
to express the supply rejection in terms of the plots for the gains from VDD and GND to the 
output voltage as shown in Fig. 39. 
 

 
Figure 39 : Gain of the OTA for the LVR from the supplies to the output voltage (a) 

from VDD (b) from GND. 
 
 For measuring, the common-mode gain, the two inputs are shorted and the 
corresponding gain at the output is calculated. The common-mode gain and the noise profile 
at the output are shown in Fig. 40. 
 

 
Figure 40 : (a) Common-mode gain (b) equivalent output noise voltage of the OTA 

for the LVR. 
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 The frequency content at the output of the amplifier can be measured by taking the 
discrete fourier transform (DFT) of the output signal over a considerably large period of time. 
The time period, over which the DFT is calculated, should include atleast one cycle of the 
minimum frequency that we are interested in. Therefore increasing the time, over which the 
DFT is calculated, reduces the lower limit of the frequency content that can be detected.  
 Increasing the number of samples increases the upper limit of the frequency 
components that can be detected. However, here the time step of the simulator should also be 
taken into care, as that sets the upper limit to the sampling period during the transient 
simulations. The frequency spectrum shown in Fig. 41 is calculated by taking the DFT of the 
output signal over 300 µs of time during the transient simulation. Here, the maximum time 
step of the simulator is limited to 1 ns for the transient simulation. 
 

 
Figure 41 : DFT taken at the output of the OTA for the LVR. 

 
 For measuring the slew rate, the positive input sine source was replaced with a pulse 
source with the same frequency, but with very high rising and falling edge slopes (i.e. 3.3 
V/10 ps). Then the measured slew rate is given by 
 

Slew rate = min {maximum positive slew rate,  
    maximum negative slew rate} 

      =  min {15.95 V/µs, 18.57 V/µs}  
      = 15.95 V/µs 
 
 The input and output ranges, specified in the results in Table 9, are the ranges over 
which all the transistors remain in the saturation operation region.  
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5.5 Off-Chip LC Filter Section 
An equivalent model of the off-chip LC filter section can be drawn as shown in Fig. 42. In 
Fig. 42, RESR,C is the equivalent series resistance of the capacitor and RDCR,L is the DC 
resistance of the inductor. 

  
Figure 42 : Equivalent circuit of the off-chip LC filter section. 

 
The transfer function of this filter section is given by 
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=   (Eqn. 18). 

As can be observed from (Eqn. 18), if the resistances of L and C are zero, then the transfer 
function is a simple LC network with the oscillation frequency of  

LC
fosc π2

1
=

.
 

However, RESR,C and RDCR,L introduce damping in these oscillations with a damping factor of  

  
L
CRR LDCRCESR

2
,, +

=ζ      (Eqn. 19).  

 Also as can be observed in (Eqn. 18), apart from the two poles, there is one zero as 
well. This zero helps to stabilize the system, but as pointed out in section 3.1.1.3, RESR,C also 
increases the output voltage ripple. In the Buck converter topology, RDCR,L comes in the load 
current flow path and contributes to the efficiency loss. Hence RESR,C and RDCR,L should be 
minimized. 
 For the implemented system, C = 2.2 µF, L = 2.2 µH, RESR,C = 25 mΩ and RESR,L = 
100 mΩ. Therefore, the frequency of the double pole can be approximated as 72.134 KHz and 
the frequency of the zero as 2.89 MHz. These approximate values are quite close to the values 
obtained in the frequency response plots from the simulations as shown in Fig. 43. 

 
Figure 43 : Off-chip LC filter section frequency response.  
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5.6 Loop Compensation 
In the PWM operation mode, the feedback loop as shown in Fig. 7 contains a high gain error 
amplifier and the off-chip LC filter section which introduces a pair of poles in the loop. For 
the stable operation, the closed loop should have some compensation to boost the phase 
around the frequency where these double poles are. This compensation is generally 
implemented around the error amplifier in the loop and is of type-III [Qing05][Wan08]. Type-
III compensation basically employs two zeros to cancel out the effect of the double poles of 
the off-chip LC filter section. Type-III compensation network is shown in Fig. 44 and the 
corresponding ideal frequency response is given in Fig. 45. 
 

 
Figure 44 : Type III compensation network. 

 

 
Figure 45 : Bode plots for the type-III compensation [intersiltb].  
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                    (Eqn. 20) [intersiltb]. 

The upper limit for the compensated gain is set by the error amplifier open loop gain.  
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 Now for analyzing the stability of the PWM control loop, the loop can be opened at 
the output of the error amplifier. The open loop gain from the input of the comparator to the 
output of the error amplifier can be approximated as 

FeedbackModulatorIIITypetionLCLoopOpen GainGainGainGainGain ×××= −−− sec .
 

 Here, GainLC-section is given by (Eqn. 18) and the gain from the output of the error 
amplifier to the output of the power switches, also known as the modulator gain, can be 
approximated as 

 
  

(Eqn. 21) [intersiltb].  
 As can be observed from the figures 28, 29 and 30 in section 5.2.4, the modulator 
gain can be approximated as 7/6. Also the feedback gain, GainFeedback is set to 3/4 in this 
implementation. Therefore, for simplicity the gain factor (GainFeedback x GainModulator) can be 
approximated as 1. For calculating the component values for the compensation network, a 
starting approximation can be made by using the procedures as outlined in [marty][intersiltb] 
[sipexan]. The component values used in this implementation for the compensation network 
are given in the schematic shown in Fig. 46. 
 

 
 

Figure 46 : Compensated error amplifier schematic. 
 

 Improvement in the area consumed in the passives and the power spent in the error 
amplifier can be achieved by employing ‘pseudo type-III compensation’ as pointed out in 
[Ying09], which uses a band pass filter along with the error amplifier. 
 
  

Ramp

IN
Modulator V

VGain
∆

=



  LiTH-ISY-EX--10/4408--SE 
 

58 
 

5.6.1 Simulation Setup 

As shown in Fig. 47, the loop compensation testbench simulates 4 circuits together, so that the 
different gain and phase plots can be plotted together and compared. Notice that for the 
compensated error amplifier section and the open loop section, the AC variations are only 
applied to the negative inputs as the positive inputs are connected to the reference voltages. 

 
 

Figure 47 : Testbench for the loop compensation. 
 
 Apart from the simulation setup shown in Fig. 47, other simulation conditions used 
are given in Table 10. 

Table 10: Loop compensation simulation conditions. 
 

Parameter/Variable Value used 
Temperature 60° C 
Process Corner Typical 
Supply Voltage (VDD) 3.3 V 
Input Frequency (Freq_In) 3 MHz 
Input DC Voltage (vInDC) 1.22 V 
Input Amplitude (Amp) 1 mV 

5.6.2 Simulation Results 

The typical case results obtained are given in Table 11. The loop bandwidth term here is used 
for the frequency range over which the open loop gain is at least 1. Similarly, the loop phase 
margin is the open loop overall phase margin. 
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Table 11 : Typical case results for the loop compensation simulations. 
 

Result Value 
Loop Bandwidth 314.1 KHz 
Loop Phase Margin 70.55° 

 
The bode plots for the four sections, outlined in Fig. 47, are given in Fig. 48. 
 

 
(a) 

 
(b) 

 
Figure 48 : (a) Bode magnitude plots (b) bode phase plots for the error amplifier, 

the LC section, the compensated error amplifier and the overall open loop section. 
 
 It is generally suggested that the compensation gain should not cross the open loop 
amplifier gain, because that is the upper limit for the gain of the compensated error amplifier 
[intersiltb]. To fulfill this requirement, the error amplifier should have a high enough unity 
gain frequency and the bandwidth. The compensation network should be designed in such a 
way that the loop bandwidth is high enough for the fast transient responses and the DC-gain is 
high for a good load regulation [Pinon06][marty]. 
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5.7 Error Amplifier 
As pointed out in section 5.6 for the loop compensation, the error amplifier should have a 
high DC-gain, bandwidth and the unity gain frequency. This brings forward the typical 
tradeoff encountered in the amplifier design – the tradeoff between the power consumption 
and the above said parameters. The error amplifier can be an operational transconductance 
amplifier (OTA) as the load driven by it is mainly capacitors. Therefore a simple miller 
compensated two-stage differential to single ended amplifier is implemented. A modified 
version of already designed OTA for the LVR is used, but with a much higher bandwidth and 
unity gain frequency, which comes at the expense of more power consumption. The 
implemented structure is shown in Fig. 49. 
 

 
 

Figure 49 : Error amplifier schematic. 

5.7.1 Simulation Setup 

The testbench used for the simulations of the error amplifier is similar to as used in section 
5.4.1 and is given in Fig. 50. The bias current is derived using the current mirroring from a 
constant ideal 10 µA current. Fig. 50 also depicts the DC solution used for performing the AC 
analysis for calculating the gain of the amplifier. 

 
Figure 50: Testbench for the error amplifier. 
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 Apart from the simulation setup shown in Fig. 50, other simulation conditions used 
are given in Table 12. 

  Table 12: Error amplifier simulation conditions. 
 

Parameter/Variable Value used 
Temperature 60° C 
Process Corner Typical 
Supply Voltage (VDD) 3.3 V 
Load Capacitor (Cload) 100 fF 
Input Frequency (Freq_In) 500 KHz 
Input DC Voltage (vInDC) 1.22 V 
Input Amplitude (Amp) 1 mV 

 
The gain and phase expressions used in the AC analysis for the error amplifier are: 
 
Gain = dB20(VF("/vOut") / (VF("/vInPos") - VF("/vInNeg"))) 
Phase = phase((VF("/vOut") / (VF("/vInPos") - VF("/vInNeg")))) 

5.7.2 Simulation Results 

The simulation results obtained for the error amplifier are given in Table 13. 
 

  Table 13 : Typical case results for the error amplifier. 
 

Result Value 
DC-Gain 68.06 dB 
Unity Gain Frequency 114.8 MHz 
Phase Margin 67.65 Degrees 
Gain Margin 24.1 dB 
Bandwidth 480.5 KHz 
CMRR 70.48 dB 
Slew Rate 64.17 V/µs 

 
The bode plots obtained in the AC analysis for the error amplifier are shown in Fig. 51.  
 

 
Figure 51 : Error amplifier open loop frequency response gain and phase plots.  
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 The bode magnitude plots for the gains from VDD and GND to the output voltage are 
given in Fig. 52. 

 
Figure 52 : Gain of the error amplifier from the supplies to the output voltage (a) 

from VDD (b) from GND. 
 
 For measuring, the common-mode gain, the two inputs are shorted and the 
corresponding gain at the output is calculated. The common-mode gain and the noise profile 
at the output are shown in Fig. 53. 
 

 
Figure 53 : (a) Common-mode gain (b) equivalent output noise voltage of the error 

amplifier. 
 
 The output frequency spectrum, shown in Fig. 54 is calculated by taking the DFT of 
the output signal over 300 µs of time during the transient simulation. Here, the maximum time 
step of the simulator is limited to 1 ns for the transient simulation. 
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Figure 54 : DFT taken at the output of the error amplifier. 

 
 For measuring the slew rate, the positive input sine source was replaced with a pulse 
source with the same frequency, but with very high rising and falling edge slopes               
(i.e. 3.3 V/10 ps). Then the measured slew rate is given by 
 

Slew rate = min {maximum positive slew rate,  
    maximum negative slew rate} 

      =  min {64.17 V/µs, 82.05 V/µs}  
      = 64.17 V/µs 
 
 For the input and output ranges, if we follow strictly the definition of all the 
transistors being in saturation, then the input range is 0.06 V to 1.5 V. The corresponding 
output range is 619.2 mV to 1.545 V. The upper limit of the input range is limited by the input 
PMOS transistor pair entering into the sub-threshold conduction region. However, if we 
sweep the input DC level and plot the DC-gain versus the input DC level, then we get a plot 
as shown in Fig. 55. 
 

 
 

Figure 55 : Error amplifier DC-gain vs. input DC level. 
  
 Therefore, from Fig. 55 we can infer that if we set 65 dB DC-gain as the minimum 
gain required, then the input range can be considered to be 0.65 V to 2.6 V.  
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5.8 Compensated Error Amplifier Output Clamp 
During the PFM mode operation, the PWM control loop blocks i.e. the sawtooth generator 
and the compensated error amplifier are turned off. Next time, when the load current increases 
and the mode is changed to the PWM operation mode, then the compensation capacitors’ 
charging rate is limited by the slew rate of the error amplifier. This can lead the output voltage 
of the DC-DC converter to dip drastically during the fast load increases and can be avoided by 
connecting the compensation circuit to a predefined voltage value during the PFM mode 
operation as suggested in [Chi08]. Compensated error amplifier output clamp block is 
connected between the compensated error amplifier and the continuous voltage comparator. 
The schematic of the compensated error amplifier output clamp block is shown in Fig. 56. 
 

 
 

Figure 56 : Schematic of compensated error amplifier output clamp. 
 
 Typical behavior, at the input and output of this block, is given in Fig. 57. As seen in 
Fig. 57, when vInMode = 0, vInEN_secondary = 1 i.e. after startup and being in the 
PFM mode operation, the output of the compensated error amplifier is disconnected from the 
continuous voltage comparator input and is connected to a constant voltage derived from the 
supply voltage i.e. (2/3 x VDD). Choosing this value depends on the nominal value of the 
error voltage during the normal operation. Depending on the load change profile, this value 
can be optimized to limit the DC-DC converter output voltage peak during low to high load 
transients.  
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Figure 57 : Clamping the voltage at the output of the compensated error amplifier 
during the PFM operation mode. 

  
 As the mode is changed from PFM to PWM, the constant voltage source connected to 
the compensation network is removed and the output of the compensated error amplifier is 
directly connected to the input of the continuous voltage comparator. vOutEN_PWM signal is 
also routed outside to this block so that other blocks can also use this signal.  
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5.9 Hysteresis Comparator 
In the PFM operation mode, the feedback loop is closed using a hysteresis comparator. Then, 
the hysteresis value along with the off-chip LC filter section’s L and C values decide the 
output voltage ripple of the system. The structure used is similar to the continuous voltage 
comparator block, but with α > 1 [opacomp]. The hysteresis value can be approximated as 
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 Figure 58 shows the schematic of the hysteresis comparator. The continuous voltage 
comparator used in the PWM loop and the hysteresis comparator in the PFM loop can be time 
multiplexed. Although this system has a dedicated hysteresis comparator block, but they can 
be implemented using a single comparator with a few switches to add the extra feedback 
factor required to convert the continuous voltage comparator into a hysteresis comparator. 
However, this requires extra care taken to multiplex the units as switching between the two 
schemes can introduce glitches at the output of the comparator. 
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Figure 58 : Hysteresis comparator schematic. 
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5.9.1 Hysteresis Comparator Simulations 

The testbench used for simulating the hysteresis comparator is shown in Fig. 59. The 
reference bias current is derived from an ideal current source of 10 µA using a current mirror. 
The load capacitance is kept 0.5 pF and the supply voltage is derived from an ideal voltage 
source. The negative input terminal of the hysteresis comparator is connected to a constant 
voltage source with value Vref. The positive input is supplied using a piecewise linear 
voltage source and the values of the voltages that it delivers are also shown in Fig. 59.  
 

 
 

Figure 59 : Hysteresis comparator testbench. 
 
 Apart from the testbench setup shown in the Fig. 59, other simulation conditions used 
are summarized in Table 14. For calculating the delay, as explained in section 5.9.1.1, a 
SKILL script is used and is similar to as given in section 10.1 for the continuous voltage 
comparator. 

Table 14 : Simulation conditions for the hysteresis comparator. 
 

Parameter Value used 
Temperature 60° C 
Process Corner Typical 
Supply Voltage (VDD) 3.3 V 
Reference Voltage (Vref) 1.2 V 

 
 In the PFM control loop, one of the inputs of the hysteresis comparator is always tied 
to the reference voltage and during the soft-start period the PFM mode is not used. Therefore, 
the input range calculation can be skipped as throughout the operation, the input common-
mode will remain in the vicinity of the reference voltage. 

5.9.1.1 Delay 

The delay measurement is similar to as done for the continuous voltage comparator. To 
measure the delay for a specified input difference, one input is kept constant and the other 
input is switched from VDD/GND, depending on whether simulating falling/rising edge, to the 
specified value with a very high slope. For example, if VDD = 3.3 V and we want to calculate 
the delay for the input difference of 50 mV, then Vref is kept at 1.2 V and vInPos is 
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switched from 0 V to 1.25 V in a very short duration of time. With these values, we will get 
the delay for the output going to logic high and we can refer this delay as the rising edge 
delay. 
 

 
 

Figure 60 : Delay through the hysteresis comparator for different input voltage 
differences, being swept by varying vInPos for VDD = 3.3 V, Vref = 1.2 V. 

 
In Fig. 60, the ‘rising’ curve refers to when vInPos is switched from 0 V to 

vInPos value in 1 ps, so that the output switches from 0 to VDD. The delay value is the time 
difference of the instant when vInPos is switched and when the output reaches VDD/2 value. 
Similarly, the ‘falling’ curve refers to when vInPos is switched from VDD to vInPos value 
in 1 ps, so that the output switches from VDD to 0.  

As can be observed from the Fig. 60, for most of the input difference range the delay 
is below 6 ns. The peak at the centre of the plot is due to a very small difference in the inputs 
which leads the differential amplifier stage of the hysteresis comparator to take more time to 
reach the switching points of the following inverters. 

To keep the output voltage ripple small, a very small value of the hysteresis,            
e.g. ~ 4 mV in this implementation, is used. As shown in Fig. 60, the delay through the 
hysteresis comparator increases exponentially as the input difference is decreased. Therefore 
if the delay value is very large for small input differences, then this will reflect as more 
voltage ripple at the output of the DC-DC converter, apart from whatever is contributed due to 
the actual hysteresis value. Therefore, the delay through the hysteresis comparator should be 
minimized. 

5.9.1.2 Hysteresis 

For calculating the hysteresis value and the threshold voltages, DC analysis can be done. One 
of the inputs is kept fixed and the other input swept with the step-size corresponding to the 
resolution required. For a typical case of VDD = 3.3 V and Vref = 1.2 V, vInPos is swept 
from 1.15 V to 1.25 V with 1000 steps in the DC analysis. This gives the upper threshold 
voltage of the hysteresis comparator. For measuring the lower threshold, in a similar way 
vInPos is swept from 1.25 V to 1.15 V. The threshold values obtained are given below: 
   Upper Threshold = Vref + 1.75 mV 
   Lower Threshold = Vref - 1.75 mV 
   Hysteresis  = 3.5 mV  

0 0.5 1 1.5 2 2.5 3 3.5
0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2
x 10

-8

vInPos, V 

D
el

ay
, s

 

 

Falling
Rising



  LiTH-ISY-EX--10/4408--SE 
 

70 
 

5.10 Zero Inductor Current Sensor 
During the PMOS power switch ‘on’ period, the off-chip inductor is charged with energy and 
the load current is also supplied through the PMOS switch. After the PMOS switch is turned 
off, the inductor tries to keep the current direction through it the same and supplies the load 
current from its stored energy. The circuit path to ground is completed by the NMOS switch, 
which acts as a free-wheeling device [pwmpc]. 
 During the low load condition i.e. the DCM operation, when the PMOS switch is 
turned off, first the inductor supplies the load current by losing its energy. As soon as this 
stored energy becomes zero, the output capacitor sees a path to ground through the NMOS 
switch. The voltage at the output of the power switches and the inductor current waveform are 
shown in Fig. 61. The charge lost from the capacitor due to this current reduces the efficiency, 
as this charge is taken from supply but instead of delivering to load, is grounded. Also, due to 
being in the variable frequency PFM mode, the switching frequency is also increased due to 
this loss of charge from the capacitor.   
 

 
 

Figure 61 : During the low current loads (a) the voltage at the output of the power 
switches (b) the current through the inductor (c) current directions for the period 

when the NMOS switch is on. 
 
 This negative inductor current condition can be avoided and the efficiency can be 
improved by turning off the NMOS switch as soon as the inductor tries to pull current out of 
the output capacitor [Sang99][Wan08][Xunwei00][Yie09][Zhuo10]. This NMOS switch 
turning off instance can be determined by detecting the zero crossing of the voltage at the 
output of the power switches. After including this ability to turn off the NMOS switch, the 
inductor current and the voltage at the output of the power switches exhibit the behavior as 
shown in Fig. 62. There is a small amount of ringing as well in the inductor current when the 
NMOS switch is turned off. The voltage at the output of the power switches settles down to 
the output voltage of the off-chip LC filter section and the inductor current settles down to the 
zero value. 
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Figure 62 : During the low current loads and with the ability for zero inductor current 

sensing (a) voltage at the output of the power switches (b) the current through the 
inductor (c) the output section when the NMOS switch is turned off alongside the 

PMOS switch being off. 
 
 In this implementation, as shown in Fig. 63, the output of the power switches is 
compared with 0 V using a continuous voltage comparator. The 0 V reference is taken using a 
tie low (TIEL) block whose schematic is shown in Fig. 64. The output signal from this block 
i.e. sensed_voltage is set to logic high when the comparator output is logic high. Also 
during the normal operation, when the PMOS switch is on, this block will be giving the 
output voltage as logic high, since the voltage at the output of the power switches is positive. 
The output voltage is reset to logic low when the output of this block had been high, but now 
the output of the comparator is going low. This condition should be fulfilled to avoid missing 
the negative inductor current instances at very low load currents. This operation can be easily 
understood from the waveforms in Fig. 65. 
 

 
 

Figure 63 : Zero inductor current sensor schematic. 
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Figure 64 : Tie low (TIEL) block schematic. 
 

 As shown in Fig. 65, as the inductor current IT(“/L0/PLUS”) tries to go negative, 
sensed_voltage is raised to high logic level. This signal is used in the power switches’ 
gate drivers block to turn off the NMOS switch. P_Switches_Output is the signal at the 
output of the power switches. nDriveRef signal is complement of the PMOS switch gate 
drive signal. As can be inferred from the waveforms in Fig. 65, even though if the inductor 
current does not reach zero, sensed_voltage signal goes high for the duration when the 
PMOS switch is on. 
 

 
 

Figure 65 : Zero inductor current sensing waveforms. 
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5.11 Power Switches’ Gate Drives 
Pulse signals at the gates of the power switches should be non-overlapping to avoid the shoot-
through current that can occur from the supply voltage VDD to GND if both the PMOS and 
NMOS transistor switches are ‘on’ simultaneously. This non-overlapping period is also 
referred to as ‘dead time’, because both the PMOS and NMOS transistors are off during this 
period. These non-overlapping signals can be generated using a simple structure as given in 
[Henk09][Orabi09] and shown in Fig. 66. 
 

 
Figure 66 : Non-overlapping signals' generation. 

 
 During this dead time period, the inductor tries to pull current through the body diode 
of the NMOS transistor [pwmpc]. Therefore, as the dead time value increases, the loss in the 
body diode conduction also increases proportionally [anthony][Miki97][Olivier04]. This 
implementation employs a fixed dead time for all load conditions. As the optimum dead time 
value is load dependent, an improvement to the implemented structure can be to implement an 
adaptive dead time control as suggested in [anthony][Olivier04].  The implemented structure, 
including the driver buffers, is shown in Fig. 67. 
  

  
Figure 67 : Schematic of the power switches' gate drivers. 

 
 The delay elements are implemented using a chain of inverters with alternative 
inverters sized comparatively larger than the other inverters in the chain. This forces the 
inverters with small transistor sizes to charge the larger transistors’ gate capacitances and 
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hence introducing the RC delay required.  The gate drivers used are also inverter chains but 
with increasing sizes of the inverters with a tapering factor of 3.  
 The input pulses are inverted also before routing them to the output, because the input 
pulse high time corresponds to the time when the PMOS switch is intended to be on. The 
NOR gate introduced before the driver for the NMOS switch is to turn off the NMOS switch 
when the output from the zero inductor current sensor block is high. As shown in Fig. 68, the 
rising edge dead time is ~7 ns and the falling edge dead time is ~2 ns. In Fig. 68, the outer 
wave is the PMOS switch gate drive and the inner wave is the NMOS switch gate drive. 
 

  
Figure 68 : Pulses at the gates of the power switches. 

 
 The difference in the dead times for the two edges is due to the dependence of the 
NMOS switch drive value on the zero inductor current sensor block output. As shown in Fig. 
69, the sensed_voltage output from the zero inductor current sensor block is high when 
the PMOS switch is on and this signal is delayed version of p_drive signal. Therefore, the 
NOR gate used also delays the n_drive signal on the rising edge. The third signal shown in 
the Fig. 69 is the other input to the NOR gate before the NMOS switch driver. 
 

  
Figure 69 : Rising edge dead time increase due to the delay in the zero inductor 

current sensor block.  
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5.12 Load Current Sensor  
This block is used to sense the current flowing through the PMOS power switch. This 

current information can used to protect the DC-DC converter circuit from the high currents 
flowing through the PMOS power switch. This high current through the PMOS switch 
condition can be a possibility when the output of the power switches is accidentally shorted to 
ground or there are spikes on the power supply. Also, the sensed current can be used to 
change the operation mode of the system. 
 As pointed out by Hassan and Gabriel in [Hassan02], different approaches exist to 
replicate the load current internally, but employing a sensing MOSFET is one of the most 
efficient and accurate ways of doing so. Even for implementing the sense MOSFET current 
sensing, different approaches exist, as are given in [Cheung04][Dong06][Feng08][Jungeui08] 
[Kuo08][Shao05]. The current sensing circuit in this implementation is similar to as 
implemented in [Kuo08] and is shown in Fig. 70. 
 

 
 

Figure 70 : Schematic of the load current sensing block showing the ‘on’ state 
during sensing [Kuo08]. 

 
In Fig. 70, Mp1 and Mn1 are the power switches. Mp2 is matched with Mp1 to mirror its 

current. ‘Q’ represents the signal driving the gates of the power switches and ‘Q_b’ is its 
complementary signal. Transistors Mc2-Mc5 are used to mirror the voltage at Va to Vb 
[Dong06][Feng08] [Kuo08] and try to make the drain to source voltages of Mp2 and Mp1 the 
same. Transistors Ms1 and Ms2 are used to keep the bias currents flowing when the power 
switch Mp1 is turned off. This improves the recovery time and accuracy of the current sensing 
in the next cycle when Mp1 is again turned on [Kuo08]. The sensed current is then given by 
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  (Eqn. 23) [Kuo08]. 

The accuracy of this current sensing can be increased by decreasing the Mp2 and Mp1 
size ratio. However this comes at the expense of more power consumption in the circuit 
[Hassan02]. In this implementation, Mp2 and Mp1 size ratio is 17000:1, which gives low power 
consumption with moderate accuracy. Since the sensed current is used to detect either the 
over current state or the loop control mode change boundary, moderate accuracy is 
acceptable. However, in implementations where the sensed current is used in a current-mode 
feedback loop, increasing the sensing accuracy even at the expense of more power 
consumption is acceptable.  

Instead of converting the sensed current information into voltage using Rsense as 
shown in Fig. 70, the sensed current is mirrored to two outputs as shown in the implemented 
schematic shown in Fig. 71. 
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Figure 71 : Schematic of the implemented load current sensor circuit. 
  



  LiTH-ISY-EX--10/4408--SE 
 

77 
 

5.12.1 Simulation Setup 

In the testbench used for the load current sensor, the Buck converter operation is mimicked as 
shown in Fig. 72. A predefined width of the switching pulses is used, although we are not 
much concerned about the output voltage at the load. In order to change the current through 
the PMOS switch, the load current is varied. In order to measure the sensed current, the 
output current from the load current sensor is passed through the diode connected loads as 
shown in Fig. 72. 

 
Figure 72 : Load current sensor block testbench. 

 
 The simulations are done using the SKILL script given in section 10.2. Apart from 
the testbench setup shown in the Fig. 72, other simulation conditions used are summarized in 
Table 15. 
   Table 15: Load current sensor simulation conditions. 
 

Parameter/Variable Value used 
Temperature 60° C 
Process Corner Typical 
Supply Voltage (VDD) 3.3 V 
Frequency  3 MHz 

Diode Connected Loads 
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5.12.2 Simulation Results 

For a particular load current, the Buck converter will have its inductor current as a triangular 
wave with the average value being approximately equal to the load current value. For 
simulating a varying load and measuring the corresponding sensed current, an analysis similar 
to the parametric analysis can be done. During this analysis, the load current is varied and the 
sensed current is observed. To avoid the superimposition of results, the current values are 
sampled for different time cycles. Since the current sensing is for the PMOS device only, only 
half of the switching cycle the load current sensor circuit is enabled. Fig. 73 shows the rising 
edge of the inductor current and the corresponding sensed current. The peak at the trailing 
edge of the sensed current in Fig. 73(b) is due to the switching operation. This peak in the top 
level of the DC-DC converter system is not critical, as the current comparator following this 
block, does not have enough bandwidth to pass this peak. 
 

 
(a) 

 
 (b) 

 
Figure 73 : Simulation results of the load current sensor block (a) inductor current, 
with each section corresponding to a different load (b) the corresponding sensed 

current. 
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 For establishing that the circuit is linear enough, we can plot the sensed current versus 
the inductor current as shown in Fig. 74.  
 

 
 

Figure 74 : Transfer characteristics of the load current sensor. 
 
 As can be observed from Fig. 74, the load current sensor is very linear over a wide 
input current range. However, we should consider that this design uses the current mirroring 
concept. Therefore, the transfer characteristics will vary depending on the mismatch factor 
between the PMOS power switch and the sensing MOSFET employed. 
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5.13 Switching Scheme Control 
Switching scheme control block is used to seamlessly switch between the PFM and PWM 
modes depending on the load condition. Switching from the PFM mode to the PWM mode 
can be decided by monitoring the output voltage. As the load current increases, the output 
voltage experiences an undershoot and this undershoot can be detected to switch to the PWM 
mode [Chi08][Zhuo10]. Another way to decide on when to switch from the PFM mode to 
PWM mode can be implemented by monitoring the current through the PMOS power switch 
and imposing an upper limit for the current in the PFM mode [Dong09][Wan08]. This 
approach is used in this implementation to switch from the PFM mode to the PWM mode.  
 In order to switch from the PWM mode to the PFM mode, a minimum current 
threshold for the current through the PMOS power switch can be imposed [Dong09][Wan08]. 
Another approach can be to monitor the output pulses from the zero inductor current sensor 
block [Chi08][Zhuo10]. Occurrence of these pulses marks the DCM operation and hence the 
mode can be switched to the PFM mode. In this implementation, monitoring the output pulses 
from the zero inductor current sensor block is used to switch from the PWM mode to the PFM 
mode. 
 As shown in Fig. 75, the output from the zero inductor current sensor i.e. 
sensed_voltage signal is also high when the PMOS switch is on. Therefore, if this signal 
is directly used in deciding the mode switching, then depending on the delays in various 
blocks this can lead to false switching to the PFM mode. To deal with this issue, an internal 
pulse signal is generated with pulse width equal to the delay in the power switches’ gate 
drivers block. This operation can be easily implemented by multiplying, using an AND gate, 
the input to the power switches’ gate drivers block i.e. vInSwitching_Signal with the 
PMOS switch driving output from this block i.e. p_drive. This generates the output pulses 
of width ~3.5 ns just before the PMOS switch is turned on. These pulses are transmitted to the 
D-FFs used to count the pulses, shown in Fig. 76, if sensed_voltage signal during this 
pulse time is high. This basically checks that whether NMOS switch was forcibly turned off 
in this cycle due to the inductor current being trying to go negative. This transmitted pulse 
signal is denoted with /I131/net0346 in Fig. 75 and its location is marked with ‘X’ in the 
schematic in Fig. 76. 
 

 
 

Figure 75 : Waveforms showing the internal pulse signal generation to count for the 
PWM to PFM mode change. 
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Figure 76 : Schematic of switching scheme controller. 
  
 As shown in the schematic in Fig. 76, D-FFs are used as a series shift register to 
count 10 pulses for switching from the PWM mode to the PFM mode. After 10 pulses they 
generate a signal going to logic high which toggles the T-FF used to store the current mode 
information. Depending on the current mode, a 2:1 multiplexer is used to look for pulses from 
either the PFM to PWM mode change sensing branch or the PWM to PFM mode change 
sensing branch.  
 There is some extra logic marked as “Optional” in the schematic. This logic 
represents a way of detecting the PFM mode to the PWM mode boundary. During the PFM 
mode, in every switching cycle, the NMOS switch is turned off forcibly. Therefore, the first 
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non-occurrence of this NMOS switch forcibly turning off event can be detected to know that 
the load current is increasing. However, this technique has close dependence on the ripple in 
the inductor current and is slower than the other technique used in this implementation. 
Therefore in this implementation, instead of detecting a missing NMOS turn off instance, a 
current comparator is used to detect the inductor current crossing the PWM mode boundary. 
Therefore the logic marked “Optional” is redundant and can be removed. 
 

 
Figure 77 : Waveforms showing PWM to PFM mode switching. 

 
 Fig. 77 shows a typical case of PWM to PFM mode switching. As the inductor 
current /L0/PLUS decreases in accordance with the load current, pulses are generated at ‘X’ 
in the schematic.  Occurrence of 10 of these pulses initiates the mode change process. Now, 
choosing a minimum number of pulses to count relies on how much safe margin we want to 
give to avoid false switching. However, choosing a large number may result in the output 
voltage from the DC-DC converter experiencing a larger overshoot. This overshoot results 
because if the load current is reduced very fast to a very low value e.g. 1 mA, then before the 
mode can be changed a particular number of pulses or we can say cycles are counted. During 
these pulses, the output voltage is already higher than required but still the minimum duty 
cycle pulses are sent to the output. Therefore the output voltage further increases.  
 Now, as described earlier, switching from the PFM mode to the PWM mode is 
decided by detecting a current boundary on the inductor current. As shown in the Fig. 78, as 
the load current increases the current peaks through the inductor also increase. The first 
occurrence of the inductor current peak, crossing the threshold set for the mode change, 
changes the mode from the PFM to PWM mode. In this implementation, 200 mA is set as the 
boundary for switching from the PFM mode to the PWM mode. Choosing this boundary 
value depends on the ripple on the inductor current. This boundary should be higher than the 
nominal ripple on the inductor current. If this boundary is selected too low, then false 
switching can occur and if this value is too high, then for fast load current increases the output 
voltage can dip drastically. Also, the very first occurrence of the boundary crossing should be 
detected, so that the mode can be changed as soon as possible to avoid undershoot at the 
output of the DC-DC converter. 
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Figure 78 : Waveforms showing PFM to PWM mode switching. 
 
 In deciding the thresholds for switching from one mode to the other, care should be 
taken to add hysteresis to avoid continuous mode switching at the boundary load. In present 
implementation, the PFM to PWM mode switching boundary is set higher than the boundary 
for the PWM to PFM mode switching, by waiting for 10 clock pulses. 
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5.14 Current Comparator 
Current comparator structure used is derived from the current-mode adder circuit 
implemented in [Duan06]. This circuit’s first stage employs current mirroring and computes 
the difference of the two input currents as shown in Fig. 79.  
 

 
 

Figure 79 : Current-mode adder circuit [Duan06].  
 
 One of the input currents can be the reference current and can be mirrored with a 
proper scaling to set the switching boundary. As shown in Fig. 80, this stage is followed by 
the inverter stages to convert this current difference into the voltage information. If we 
consider the current mirroring without scaling as shown in Fig. 79, then as soon as IA 
increases than IB, (IA-IB) charges the input capacitance of the following inverter and the 
inverter output goes logic low. 
 

 
 

Figure 80 : Current comparator schematic. 
 
 The current comparator, shown in Fig. 80, shows the sizing for the PFM to PWM 
mode threshold detection current comparator. A similar structure is used for the over current 
protection block, which in conjunction with the current scaling in the load current sensor 
block, implements the boundary of 580 mA for the maximum current through the PMOS 
switch.  
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5.14.1 Simulation Setup 

The testbench used for simulating the PFM to PWM mode threshold detecting current 
comparator is shown in Fig. 81. The reference source current is set to 10 µA and the load 
capacitance is set to 100 fF. The input current iIn is derived from a piecewise linear current 
source using a current mirror.  

 
 

Figure 81 : Current comparator testbench. 
 
 Apart from the testbench setup shown in the Fig. 81, other simulation conditions used 
are summarized in Table 16. For calculating the delay through the current comparator, as 
explained in section 5.14.2, a SKILL script is used. This script is similar to as given for the 
continuous voltage comparator in section 10.1. However, instead of switching the input 
voltages, in this script the input currents are switched. 
 

Table 16 : Simulation conditions for the current comparator. 
 

Parameter Value used 
Temperature 60° C 
Process Corner Typical 
Supply Voltage (VDD) 3.3 V 

5.14.2 Simulation Results 

One of the input currents iRef is always fixed as it sets the switching boundary of the 
current comparator. Since iRef is derived using mirroring, therefore the actual iRef current 
is around 11.3 µA. For measuring the delay through the current comparator, a similar 
approach as followed in section 5.1.1.1 for the continuous voltage comparator is used. 
 In order to measure the delay for a specified input current, iIn is switched from 
either a very high or a very low current value, depending on whether simulating the 
falling/rising edge, to the specified value with a very high slope. For example, if VDD = 3.3 V 
and we want to calculate the delay for the input current of 20 µA, then iIn is switched from 
5 µA to 20 µA in a very short duration of time. With these values, we will get the delay for 
the output going to logic high and we can refer this to as the rising edge delay. 
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Figure 82 : Delay through the current comparator for different input currents,     

VDD = 3.3 V, iRef = 11.3 µA. 
 

In Fig. 82, the ‘rising’ curve refers to when iIn is switched from a low current value 
to a value above the threshold set by the reference current, so that the output switches from 0 
to VDD. The delay value is the time difference of the instant when iIn is switched and when 
the output reaches VDD/2 value. Similarly, the ‘falling’ curve refers to when iIn is switched 
from a high current value to a current value below the threshold, so that the output switches 
from VDD to 0. 

As can be observed from the Fig. 82, with the sizing of the current comparator shown 
in Fig. 80, the threshold current set for the current comparator is around 18 µA. From the 
system level perspective, the input current to the current comparator comes from the load 
current sensor block. Therefore, using the transfer characteristics of the load current sensor 
block shown in Fig. 74, the current threshold of 18 µA essentially sets the threshold of ~200 
mA current through the inductor. Hence the inductor current boundary for the PFM to PWM 
mode switching set in dc_dc_PWM_Threshold_Current_Comparator block is 200 
mA. 

By changing the sizing of the current mirroring inside the current comparator, this 
threshold can be varied. In the over current detection current comparator block this threshold 
is set to 40 µA, which translates to ~580 mA value of the inductor current.  
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5.15 Soft-Start Circuit 
During the startup of the system, after the bandgap reference voltage and other internal 
references are stabilized, the control can be given to the feedback loop to charge the output 
capacitor to the required output voltage. At the start, the output capacitor usually has almost 
zero charge, so large current peaks can occur from the battery to charge the capacitor to the 
required output value [keng][Dong09][Wan08][Zhuo10]. These current peaks are generally 
undesirable, as there is little control on the magnitudes of these peaks. Therefore to gain 
control over the startup current drawn from the battery, the reference voltages used in the 
control loops are slowly increased with RC-networks [Dong09][Wan08][Zhuo10]. This is 
called “soft-start” as the current peaks from the battery are small and the output smoothly 
rises to the required output voltage. If the output capacitor is large, then to keep the currents 
low, the time constant values required are also large. 
 The implemented structure of the soft-start circuit is shown in Fig. 83. In this 
implementation a digital approach is used to ramp the reference voltage used in the feedback 
control loops. The bandgap circuit and the internal 1.6 V linear regulator are always ‘on’ 
circuits in this implementation. Their enable signals are directly connected to the battery 
voltage Vin. As soon as the battery voltage is applied to the system, first the bandgap circuit 
output voltage rises and following this voltage as a reference the LVR output also rises. 
During the startup, the PWM control loop is used and the sawtooth generator is always ‘on’ 
block. Therefore, as the LVR output rises towards 1.6 V, the output frequency of the sawtooth 
generator converges to its nominal value of 2.682 MHz.  
 Initially the sawtooth generator output frequency is low and a frequency divider 
(series of T-FFs) is used to count 32 cycles to wait for some time so that the sawtooth 
generator output is stabilized. Then a signal vEN_secondary is raised, to enable the circuit 
used to ramp the internal bandgap reference vBG_ramped and to enable the PWM control 
loop.  
 A voltage divider string resistor ladder network is driven from the bandgap circuit 
output. Using the frequency divider’s divide-by-16 output and a 4-bit counter, the internal 
bandgap voltage is connected to the different taps on this resistor ladder. In this way, the 
internal bandgap voltage vBG_ramped rises in 16 steps to the bandgap circuit output 
voltage. In this implementation, a Power-on-Reset (POR) circuit is not implemented which is 
needed to reset all the digital memory elements in the soft-start circuit, so that for example the 
counter does not directly starts from a count of 15 and ties directly the bandgap output voltage 
to vBG_ramped. 
 Here it is assumed that during these 16 steps, the bandgap circuit output voltage rises 
to well within the proximity of the stabilized final bandgap voltage. If the rise time of the 
bandgap circuit output voltage is very large, then after taking 16 steps vBG_ramped will just 
follow the bandgap circuit output voltage till it reaches the final value. This increases the time 
required by the DC-DC converter before it can output the required output voltage. In cases 
where the bandgap circuit output rise time is large, the length of each step can be increased 
digitally by counting more clock cycles for each step and the battery current peaks can be 
further reduced. 
 The bandgap circuit used here is a predefined block. Hence only the output 
waveforms for this block are included in this report. This circuit is used to generate the 
reference bandgap voltage of ~1.22 V as well as to generate a constant current source. The 
output from this current source is mirrored to all the blocks in the system and each current 
distributed is of value 10 µA. 
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Figure 83 : Schematic of the soft-start circuit. 
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Fig. 84 and 85 show the key voltages during a typical soft-start.  
 

  
Figure 84 : Waveforms of the reference voltages during the soft-start. 

  

  
Figure 85 : Output voltage of the DC-DC converter with digital ramping during the 

soft-start. 
 
 As pointed out earlier, vEN_secondary is used to enable the soft-start circuit to 
ramp the internal bandgap reference vBG_ramped and to enable the PWM feedback loop 
blocks. As shown in Fig. 86, signal vEN_Mode_Control is used to indicate that the 
reference voltage vBG_ramped has risen to the bandgap circuit output voltage and using this 
signal the automatic PWM/PFM mode switching scheme control block is enabled. Since the 
startup depends on the bandgap circuit startup as well, so a ready signal from the bandgap 
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circuit in combination with this vEN_Mode_Control can be used as a “ready” signal from 
the DC-DC converter. As shown in Fig. 86, this implementation can start regulating the 
output voltage after ~200 µs. 
 

 
Figure 86 : Enabling internal controls during the soft-start. 

  

  
Figure 87 : Mode switching right after the soft-start. 

  
 In the simulation results shown here, right after the startup the load current is kept 
low, i.e. 10 mA, to see the mode change right after the automatic mode control circuit starts 
working. Therefore as shown in Fig. 87, as soon as the system comes out of the soft-start, i.e. 
vEN_Mode_Control signal goes high and the switching scheme control block changes the 
mode to the PFM mode. In the PFM mode, almost all the blocks used in the PWM mode 
control loop are disabled to reduce the power consumption. This can also be observed from 
the sawtooth waveform shown in Fig. 88. 
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Figure 88 : Output of the sawtooth waveform generator during the soft-start. 

 
 The behavior of the current peaks drawn from the battery can be observed by looking 
at the current through the inductor. As can be observed from Fig. 89, the current peaks during 
the soft-start are well below 250 mA.  
 

  
Figure 89 : Current through the inductor during the soft-start. 

 
 Looking closely at the behavior of the inductor current, shown in Fig. 90, we can see 
two distinct sections - one with the high current peaks and the other one with the low current 
peaks. The sections with the high peaks correspond to the step changes in the vBG_ramped 
voltage and the sections with the low peaks are for the duration between the steps. 
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Figure 90 : Close-up view of the inductor current during the soft-start. 

 
 These peak current values depend on the step size used for ramping the 
vBG_ramped voltage and can be further reduced, if needed, by increasing the number of 
steps used for the ramping. This also requires that the time between any two consecutive 
steps, i.e. length of the steps, is sufficient for the system to respond, so that the output voltage 
settles after each step. 
 An approximation to the loop bandwidth of the whole DC-DC converter system can 
be made by observing the response at the output voltage during these reference voltage steps. 
More closely the output voltage follows the step-like structure; more is the loop bandwidth of 
the system. 
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5.16 Trimmed Feedback 
The output voltage of the DC-DC converter system is to be trimmed with 4-bit digital input 
code. As shown in Fig. 91(a), there are two signals which are common in both the PFM and 
the PWM control loops where the trimming can be implemented – the bandgap reference 
voltage and the feedback voltage from the output of the DC-DC converter. In this 
implementation, the feedback signal is chosen to implement the trimming.  

A simple way of implementing the trimming, as shown in Fig. 91(b), is using a voltage 
divider string resistor ladder network and switching the taps on the resistor ladder depending 
on the input trimming code TB(3:0), which changes the feedback factor. The control 
feedback loop tries to make the voltage on the tapped point equal to the reference voltage i.e. 
the bandgap reference voltage in this case. As we move the connection up on the resistor 
ladder, the output voltage reduces and vice-versa. In the current implementation, the input 
trimming codes 0001 to 0111, corresponding to the connection points x1 to x7 shown in Fig. 
91(b), are used to increase the output voltage and the codes 1000 to 1111, corresponding to 
the connection points x8 to x15, are used to decrease the output voltage.  

 

 
 

Figure 91 : (a) Basic Buck converter block diagram with the control feedback loop 
(b) feedback trimming using a voltage divider resistor ladder network.

  
By implementing the trimmed feedback, the output voltage is given by 

( ) [ ] )3()0:2(1112
147

10
)3( TBTB

VV TBrefout
+−−

×=
  

(Eqn. 24), 

where 
 outV   – Output voltage of the DC-DC converter,  

 refV    –  Reference bandgap voltage,  
 )0:3(TB – Input trimming code. 

 The output voltage with the input trimming code of 0000 is 1.60125 V, with 1111 
code is 1.4945 V and with 0111 code is 1.708 V. The implemented structure is shown in the 
schematic given in Fig. 92 and as can be observed in the schematic the input trimming code is 
decoded using a 4-to-16 decoder. The output from the decoder turns on one of the 
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transmission gates connected to the resistor ladder network to connect the output of the 
trimmed feedback block to one of the taps on the resistor ladder network. 
 

 
  

Figure 92 : Schematic of the trimmed feedback circuit. 
  
 The value of individual resistors is not that critical, however they should be 
matched. The resistor ladder should have sufficient number of unit resistors to ensure a 
certain degree of matching. Choosing the value of the unit resistor depends on how much 
current is tolerable to be spent in this network at the maximum output voltage. Total number 
of the unit segments required can be calculated as a number ‘x’ which gives  
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× x

V
V

alnoout

ref

min,

 

as a positive integer. Sometimes to limit the number of segments, a good approximation can 
be to choose ‘x’ so that the result although not being a positive integer, but has at least one 
zero after the decimal point. For example, in the current implementation,  

Vref = VBandgap = 1.22 V,  Vout,nominal = 1.6 V which gives .0875.112147
6.1

22.1
=






 ×  

In this implementation, one unit resistor segment is used between any two 
consecutive connection taps, which gives around 15 mV step size while increasing the output 
voltage and around 13 mV step size while decreasing the output voltage. The step sizes can be 
increased by increasing the number of unit segments between two consecutive connection 
taps. 
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5.17 Mode Signal Buffer and Sawtooth Enabler 
Consider the case when the load current is increasing and the mode is changed from the PFM 
mode to the PWM mode. The output of the switching scheme controller changes to a logic 
high value after detecting the PFM to PWM threshold current boundary as explained in 
section 5.13. During the PFM mode the blocks which are used only in the PWM control loop 
are turned off to save power. The error signal is clamped to a constant voltage during the PFM 
mode. Therefore, instead of directly giving control to the PWM control loop, some extra time 
can be given to the PWM control loop so that all the internal node voltages in the loop settle 
to their nominal values before taking the full control over the output voltage.  
 In order to perform this task, the output from the sawtooth generator is used to buffer 
the mode signal output from the switching scheme controller block. In this way the control to 
the PWM mode loop is given only after the sawtooth generator output is ready. This gives 
enough time to the other blocks as well in the PWM control loop for their startup. The 
schematic used to implement this functionality is shown in Fig. 93. The circuit employs a 
delay flip flop (DFF) to latch the mode signal on the falling edge of the sawtooth waveform. 
Then depending on whether the system is still in the soft-start period or not, the buffered 
mode signal vOutMode_Buffered output from this block is used to change the feedback 
control loop. 
 

 
 

Figure 93 : Schematic of the mode signal buffer circuit. 
 
 Now, in the top level of the DC-DC converter system as shown in Fig. 13, vMode 
and vMode_actual are the two signals containing the information about the control loop 
mode. vMode_actual, being a buffered version of the vMode signal, is only a delayed 
version of the vMode signal. The sawtooth generator block is enabled on the rising edge of 
the vMode signal as explained earlier in this section and is disabled on the falling edge of the 
vMode_actual signal to end the mode after completing the current cycle of the sawtooth 
waveform. To perform this task the implemented circuit is shown in Fig. 94. 
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Figure 94 : Schematic of the sawtooth generator enabler circuit. 
 
 As shown in Fig. 94, a DFF with its delay input tied high works as a one shot circuit 
and captures the rising edge of the input un-buffered mode signal vInMode signal. The 
output of this DFF changes the output signal vOut_EN_Osc to logic high which enables the 
sawtooth generator. Another DFF is used to detect the falling edge of the buffered mode 
signal vInMode_Buffered. Rest of the logic is used to reset the flip flops used as well as 
to make sure that the vOut_EN_Osc signal goes high only on the rising edge of the 
vInMode signal and the vOut_EN_Osc signal goes low only on the falling edge of the 
vInMode_Buffered signal.  
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6 System Simulation and Results 
In order to simulate the top level of the DC-DC converter system, the schematic shown in Fig. 
13 is used. The inputs to the DC-DC converter are- the battery voltage Vin, the output 
voltage trimming 4-bit code vTrim_B[0:3], the feedback voltage from the output of the 
DC-DC converter system. Since the filter section at the output is off-chip, the output from the 
DC-DC converter is the power switches’ output P_Switches_Output. 
 The load variations are performed using a piecewise linear current sink load. The 
battery voltage variations i.e. the line variations are simulated using a piecewise linear voltage 
source. The reference voltage used in the feedback control loops, i.e. the bandgap reference 
voltage, is the only reference which is used to stabilize the output voltage. Hence the 
variations in this voltage directly reflect as the variations in the output voltage. In order to 
observe the response of the designed system, the line variations are not applied to the bandgap 
reference circuit which is a reused block. Therefore the supply voltage VinBG is used for the 
bandgap circuit. This voltage follows the battery voltage Vin during the startup and then 
stabilizes to 3.3 V. The enable signal used vEN is a replica of the battery voltage Vin. For the 
simulation results given in this section, the output voltage trimming 4-bit input code 
vTrim_B[0:3]is set to 0000, so that the output of 1.6 V can be obtained.  
 As in the case of systems involving some signals with a low frequency and some 
signals with a higher frequency, the time required for simulating the DC-DC converter system 
bears a tradeoff with the accuracy. Some of the internal asynchronous digital blocks as well as 
the internal ring oscillator contain the high frequency signals, which limit the simulator time 
stepping. However, in the PWM control loop due to the high gain in the loop, we have to limit 
the time step further to keep the error voltages small. This allows us to measure the voltage 
ripple of a few milli volts at the output. Therefore, in the simulation results to follow, the 
simulator maximum time step size was limited to 1 ns. 
 Now, due to the maximum step size limiting as well as the internal high frequency 
signals, the simulator may calculate the node equations after very short intervals. All of this 
data may not be required. In order to reduce the space consumed for saving those results, only 
after each 2 ns the set of calculated data is stored into the results file. This operation can be 
performed by changing the output parameters property ‘strobeperiod’ to 2 ns in the transient 
analysis options. By doing this, although the simulator calculations will be done at a higher 
frequency, but the data will be sampled and saved with 2 ns time intervals.  
 The test plan used to simulate the system is shown in Fig. 95(a) and (b), where the 
line and load variations applied to the system are shown. Each of the line and the load 
variation step is taken with a ramp time of 10 µs. For the startup, Vin is ramped in 100 µs to 
3.3 V and the load current is initially kept around zero. Fig. 95(c) shows the corresponding 
inductor current waveform during the load/line variations and Fig. 95(d) shows the output 
voltage Vout of the system. Some of the key transients shown in Fig. 95 are explained in the 
sections to follow. 
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Figure 95 : Top level simulation results (a) the battery voltage variations applied (b) 
the load current variations applied (c) the resulting inductor current (d) the resulting 

output voltage. 
 
 As can be noted from Fig. 95, when the load decreases to the no load condition due to 
the lack of any switching in the PFM mode for no load, the output voltage does not settles 
back to its nominal value. However, as soon as any load is applied at the output, the output 
voltage comes in the control of the PFM loop and returns to its nominal voltage of 1.6 V. 
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 In the steady state PWM mode operation, the output voltage waveform is similar to as 
shown in Fig. 96 and the inductor current waveform is as shown in Fig. 97. 
 

  
Figure 96 : Output voltage Vout of the DC-DC converter in the PWM mode with 

Vin = 3.6 V and the load current iLoad = 200 mA. 
 
 As shown in Fig. 96, the output voltage ripple in the PWM mode is small i.e. 4 mV in 
the shown case. 

 

  
Figure 97 : Waveform of the inductor current in the PWM Mode with Vin = 3.6 V 

and the load current iLoad = 200 mA. 
 
 In the steady state operation in the PFM mode, the output voltage waveform is similar 
to as shown in Fig. 98 and the inductor current waveform is as shown in Fig. 99. 
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Figure 98 : Output voltage Vout of the DC-DC converter in the PFM Mode with 

Vin = 3.6 V and the load current iLoad = 10 mA. 
 

 As can be observed in Fig. 98, the output voltage ripple in the PFM mode is higher 
than in the PWM mode.  
 

  
Figure 99 : Waveform of the inductor current in the PFM Mode with Vin = 3.6 V 

and the load current iLoad = 10 mA. 
 
 As can be seen in Fig. 99, as soon as the inductor current tries to go negative the 
NMOS power switch is turned off and the inductor current settles to zero after small ringing.  
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6.1 Load Variations 
The load variations correspond to the changes in the load current driven by the DC-DC 
converter. Due to the abrupt changes in the load current, the output voltage varies 
correspondingly and the feedback loop(s) bring the output voltage back to a value close to its 
nominal value in certain duration of time which depends on the loop bandwidth. The response 
of the system in this period is known as ‘load transient response’ [pwmpc]. 
 In order to observe the load transient response of the system, the load current is varied 
in 10 µs duration of time. As shown in Fig. 100, as the load current increases the output 
voltage decreases. Detecting this increase in the inductor current, the mode is changed to the 
PWM control mode. Now, depending on the bandwidth of the loop, the output voltage 
gradually returns back close to the output voltage of 1.6 V. 
 

 
 

  
Figure 100 : Load transient response of the DC-DC converter for the load current 

change from 0 to 200 mA at the input battery voltage Vin = 2.3 V. 
 
 After the load transient, the output voltage settles to a new value in the proximity of 
the earlier average output voltage value. The ability of the converter to maintain a constant 
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average output voltage over different load currents is specified using ‘load regulation’ which 
is given by 

tConsTemptConsVinout

outout

LoadFullV
LoadFullVLoadLowV

gulationLoad
tan,tan

100
)(

)()(
(%)Re

==

×
−

=

        

(Eqn. 25)[pwmpc].  
 Now, as shown in Fig. 101, as the load current decreases the output voltage increases. 
After detecting ten cycles when the inductor current tries to go negative, which reflects the 
decrease in the load current, the mode is changed to the PFM control mode. As explained in 
section 5.13, during last a couple of the pulses sent to the output, the output voltage raises 
quickly. 
 

 
 

  
Figure 101 : Load transient response of the DC-DC converter for the load current 

change from 200 mA to 10 mA at the input battery voltage Vin = 3.6 V. 
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Figure 102 : Load transient response of the DC-DC converter for the load current 

change from 1 mA to 100 mA at the input battery voltage Vin = 3.6 V. 
 

 Now consider the load increase transient as shown in Fig. 102, here the output voltage 
does not show a similar response as shown in Fig. 100. This is because of the PFM to the 
PWM mode change occurring before it is intended to. As suggested by (Eqn. 7) in section 
3.1.1.1, the inductor current ripple increases as the difference in the input battery voltage Vin 
and the required output voltage Vout increases. Therefore, with a higher input battery 
voltage, the PFM to PWM mode change inductor current boundary is crossed earlier and the 
mode changes to the PWM mode. However, the load current is still low enough and the mode 
is changed back to the PFM mode after 10 cycles. By this time, the load is high enough to 
work in the PWM mode and the mode changes back to the PWM mode. This mode toggling 
can be avoided by raising the PFM to PWM mode change inductor current boundary. 
However this degrades the load increase transient response in the low input voltage Vin case.  
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6.2 Line Variations 

The line variations correspond to the changes in the input battery voltage Vin driving the 
DC-DC converter. Due to the abrupt changes in the input voltage Vin, the output voltage 
varies correspondingly and the feedback loop(s) bring the output voltage back to a value close 
to its nominal value in certain duration of time which depends on the loop bandwidth. The 
response of the system in this period is known as ‘line transient response’ [pwmpc]. 
 In order to observe the line transient response of the system, the input battery voltage 
Vin is varied in 10 µs duration of time. As shown in Fig. 103, as the input battery voltage 
increases the output voltage decreases. The feedback loop, as the PWM control loop in this 
case, tries to bring back the output voltage to its nominal value of 1.6 V. 

 

 
 

  
Figure 103 : Line transient response of the DC-DC converter for the case when the 

input battery voltage Vin changes from 3.1 V to 3.6 V at 300 mA load current. 
 
 After the line transient, the output voltage settles to a new value in the proximity of 
the earlier average output voltage value. The ability of the converter to maintain a constant 
average output voltage over different line voltages is specified using ‘line regulation’ which is 
given by 
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         (Eqn. 26)[pwmpc].  
 Now, as shown in Fig. 104, as the line voltage decreases the output voltage increases. 
After the line transient, the output voltage settles back close to its nominal value of 1.6 V. 
  

1.04 1.06 1.08 1.1 1.12 1.14 1.16

x 10
-3

3

3.1

3.2

3.3

3.4

3.5

3.6

3.7

(a)               Time, s 

In
pu

t B
at

te
ry

 V
ol

ta
ge

, V

1.04 1.06 1.08 1.1 1.12 1.14 1.16

x 10
-3

1.45

1.5

1.55

1.6

(b)               Time, s 

O
ut

pu
t V

ol
ta

ge
, V

1.04 1.06 1.08 1.1 1.12 1.14 1.16

x 10
-3

0.2

0.25

0.3

0.35

0.4

(c)               Time, s 

In
du

ct
or

 C
ur

re
nt

, A



  LiTH-ISY-EX--10/4408--SE 
 

106 
 

 
 

 
Figure 104 : Line transient response of the DC-DC converter for the case when the 

input battery voltage Vin changes from 3.6 V to 3.1 V at 300 mA load current. 

6.2.1 Power Supply Rejection 

In order to further characterize the behavior of the DC-DC converter in response to the supply 
noise, different single tone variations can be applied on top of the DC value from the battery 
voltage. In order to see how much the system rejects the supply voltage variations, first the 
DFT is taken at the output of the system with no variations in the supply voltage. Then, for a 
particular frequency of the variation applied in the supply voltage, again the DFT at the output 
of the DC-DC converter is taken and the corresponding frequency’s magnitude is compared 
with the no variation applied case. This gives the gain from the supply voltage to the output of 
the DC-DC converter for that particular frequency. Table 17 gives the values of the gain from 
the supply voltage to the output of the DC-DC converter for some frequencies.   
 

Table 17 : Gain from the supply voltage to the output of the DC-DC Converter at 
different frequencies, with 3.3 V input battery voltage and 100 mA load current.  

 
Supply variations’ Frequency 10 KHz 100 KHz 1 MHz 

Gain from the supply voltage to the 
output of the DC-DC Converter (dB) -12 -15 -44 

  
 Consider the case of calculating the power supply rejection for the 10 KHz frequency. 
A sine source with the amplitude of 100 mV and frequency 10 KHz is used in series with the 
input battery voltage. Then, in the frequency spectrum of the output voltage of the system, the 
magnitude of the frequency component corresponding to 10 KHz is ~24.78 mV. This gives  
~ -12 dB as the gain from the supply voltage to the output of the DC-DC converter. Also, the 
off-chip LC filter section also helps at the higher frequencies to filter out the supply 
variations.  
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6.3 Efficiency and Output Voltage Ripple 
The efficiency of the DC-DC converter can be defined as 

𝜂 (%) =
𝑃𝑜𝑤𝑒𝑟 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑙𝑜𝑎𝑑
𝑃𝑜𝑤𝑒𝑟 𝑡𝑎𝑘𝑒𝑛 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑦

× 100 

 The efficiencies for the implemented system calculated over two extreme input 
battery voltages and different load currents are given in Table 18. In Table18, Vin denotes the 
input battery voltage and Iout denotes the output load current. 
 

Table 18 : Efficiency over different input battery voltages and load currents. 
 

Efficiency (%) 
    Vin\Iout 10 mA 100 mA 200 mA 300 mA 

2.3 V 95.51  93.94  90.07  86.70  
3.6 V 88.86  92.45  91.62  89.78  

 
 As given in Table 19 for the PWM mode of operation, it is quite informative to have a 
closer look at the power consumption in the different key building blocks of the system. 
 

Table 19 : Block-wise breakdown of the power consumption in the PWM mode of 
operation at 200 mA load current and 2.3 V input battery voltage. 

 

Block 
Current 

Consumed 
(A) 

Supply 
Voltage 
VDD (V) 

Power 
Consumption 

(W) 

Percentage 
of Total 
Power 

Consumption Total 0.154312687 2.3 0.35491918 

 Bandgap voltage circuit 5.80E-05 3.3 0.000191466 0.053946366 
Power switches’ gate drives 2.60E-04 2.3 0.000598046 0.168502024 
Load current sensor 1.31E-05 2.3 3.00679E-05 0.00847176 
Over current detector current 
comparator 1.24E-05 2.3 2.84326E-05 0.008011007 
PWM threshold detector 
current comparator 1.77E-05 2.3 4.06663E-05 0.011457904 
Continuous voltage 
comparator 2.36E-05 2.3 5.42708E-05 0.01529103 
Hysteresis comparator 6.62E-11 2.3 1.52226E-10 4.28902E-08 
Compensated error amplifier 4.14E-05 2.3 9.52522E-05 0.026837716 
Power switches 1.53E-01 2.3 0.35282 99.40854707 
Soft-start circuit 7.73E-06 2.3 1.77859E-05 0.005011254 
Sawtooth generator 6.36E-05 2.3 0.000146367 0.041239642 
Switching scheme control 8.68E-07 2.3 1.99663E-06 0.000562559 
Zero inductor current sensor 2.81E-05 2.3 6.46921E-05 0.018227276 
LVR 5.57E-05 2.3 0.000128087 0.036089061 

Load current = 200 mA and the output voltage = 1.598 V  
Power Delivered to load 0.319676394 90.07019405 
Power lost in the power switches 

 
9.33835302 

  
 As can be inferred from Table 19, most of the power consumed by the system is 
consumed in the on resistance of the power switches. Second highest power consumption 
contribution comes from the gate drivers of the power switches. Therefore, we can easily 
conclude that to increase the efficiency in the PWM mode of operation the design effort 
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should be targeted towards reducing the power consumption in the power switches and its 
corresponding driver circuitry. As the power consumption in the control loop only contributes 
very small percentage of the total power consumption, we can spend some more power in the 
control loop to get better load/line transient responses.  Similarly, now consider the power 
consumption in the PFM mode of operation as given in Table 20. 
 

Table 20 : Block-wise breakdown of the power consumption in the PFM mode of 
operation at 10 mA load current and 2.3 V input battery voltage. 

 

Block 
Current 

Consumed 
(A) 

Supply 
Voltage 
VDD (V) 

Power 
Consumption 

(W) 

Percentage 
of Total 
Power 

Consumption Total 0.007285 2.3 0.0167555 

 Bandgap voltage circuit 5.80E-05 3.3 0.000191466 1.14270538 
Power switches’ gate drives 6.02E-05 2.3 0.000138368 0.825806452 
Load current sensor 5.20E-06 2.3 1.1963E-05 0.071397392 
Over current detector current 
comparator 2.06E-06 2.3 4.73915E-06 0.028284146 
PWM threshold detector current 
comparator 2.38E-06 2.3 5.47101E-06 0.032652025 
Continuous voltage comparator 5.64E-11 2.3 1.29619E-10 7.7359E-07 
Hysteresis comparator 2.06E-05 2.3 4.74628E-05 0.283266987 
Compensated error amplifier 1.55E-12 2.3 3.56132E-12 2.12546E-08 
Power switches 7.00E-03 2.3 0.0161 96.08785175 
Soft-start circuit 1.36E-09 2.3 3.13421E-09 1.87056E-05 
Sawtooth generator 2.92E-06 2.3 6.71922E-06 0.040101579 
Switching scheme control 4.11E-07 2.3 9.45162E-07 0.005640906 
Zero inductor current sensor 2.88E-05 2.3 6.61411E-05 0.394742622 
LVR 5.57E-05 2.3 0.000128064 0.764310226 

Load current = 10 mA and the output voltage = 1.6 V  
Power Delivered to load 0.016003382 95.51121836 
Power lost in the power switches 0.576633395 
 
 Comparing the results in Table 20 with the results in Table19, it can be easily 
observed that in the PFM mode of operation, the power consumption of almost all the ‘on’ 
blocks, especially the shaded ones, contribute a major part in the total power consumption. 
Therefore, for the PFM mode operation, each of the blocks used or being ‘on’ in this mode 
should have low power consumption.  
 As pointed out earlier as well in section 4, the optimum sizes for the power switches 
depend on the balance between the conduction and the switching losses. Now, from tables 19 
and 20 we can conclude that increasing the power switches’ sizes increases the efficiency in 
the PWM mode, but the efficiency reduces in the PFM mode due to more power consumption 
in the gate driver circuits of the power switches. 
 The ripple voltage at the output of the DC-DC converter in different load and line 
conditions is given in Table 21. As can be noted in Table 21, the output voltage ripple in the 
PFM mode operation during the low load conditions is higher than in the PWM mode. 
 

Table 21 : Output voltage ripple over different input battery voltages and load 
currents. 

Ripple (mV) 
    VDD\Iout 10 mA 100 mA 200 mA 300 mA 

2.3 V 5.92  2.29  2.04  1.97  
3.6 V 11.45  3.75  3.78  3.43  
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6.4 Results vs. Specifications 
The obtained results are given in Table 22 against the requirement specifications. 
 

Table 22 : Obtained results vs. the requirement specifications. 
 

Parameter Units Requirement Result Comments Min Typ Max Min Typ Max 
Input voltage V 2.3  4.5 2.3  3.6 

 Junction 
temperature range C -40 60 115 -40 60 115 

Regulation time 
(assuming 
maximum load) 

µs   1000  ~200  
Depends on  

the bandgap circuit 
output rise time 

Output Voltage 1 
(Digital Blocks) V 1.14 1.2 1.3 Not Implemented 

 Output Voltage 2 
(RF/Analog 
Blocks) 

V 1.5 1.6 1.7  1.6  

Output Voltage 
transient 
regulation 
(0->200 mA 
output current step 
in 10 µs) 

mV   60  80  @ 3.6 V input 
voltage 

Line regulation 
(Over full Input 
Range) 

%   1.5  0.07  @ 300 mA  
load current 

Load regulation 
(Over entire Load 
Range) 

%   1.5  0.29  
@ 3.6 V input 

voltage and 
except at 0 load 

Output Voltage 
Trimming (4-bit) mV 20   +/- 106.75 In ~14 mV  

steps 
Output Current mA 0  300 0  300  
Efficiency (load 
current 10 mA) %  85   88.86  @ 3.6 V input 

voltage 
Efficiency (for 
load current 100 
mA to 300 mA) 

% 90    86.7  
@ 2.3 V input 

voltage and load 
current = 300 mA 

External capacitor µF  4.7 10 2.2 

 

External capacitor 
ESR mΩ   25 25 

External inductor µH   4.7 2.2 
DC/DC Switching 
frequency MHz 1  3 2.104 2.682 4.173 

Overall Quiescent 
current µA   200  289  @ 3.6 V input 

voltage 
PSRR @ 10 KHz 
(Iout = 100 mA) dB 50    12  

@ 3.3 V input 
voltage 

PSRR @ 100 KHz 
(Iout = 100 mA) dB 40    15  

PSRR @ 1 MHz  
(Iout = 100 mA) dB 25    44  

  
 The input voltage range is 2.3 V to 3.6 V, where the upper limit of 3.6 V is set by the 
maximum voltage ratings for the transistors used in the design. In order to increase the 



  LiTH-ISY-EX--10/4408--SE 
 

110 
 

tolerance of the system to higher voltages, one more level of regulation is required which 
converters the high input battery voltage of e.g. 4.5 V to a voltage within 2.3 V to 3.6 V 
range. 
 The regulation time is the time required by the system during the startup, before it can 
deliver the intended 1.6 V at the output. In the present implementation, during the soft-start, 
the internal bandgap reference voltage is ramped digitally. The minimum time required for the 
soft-start is set by the rise time of the bandgap reference circuit output voltage. 
 In order to incorporate the second voltage output from the DC-DC converter system, 
a scheme as suggested in [acd][Junjie09] and shown in Fig. 105 can be used. 

 

 

 
Figure 105 : Concept of single inductor multiple output DC-DC converter [acd].

   
 As shown in Fig. 105, this scheme introduces two more switches S3 and S4 to 
provide the inductor current to the two outputs alternatively. The switching of S3 and S4 can 
be independent of the switching of S1 and S2 [acd]. Now, in this scheme we can save one 
inductor as we share the inductor for the two outputs. However, the number of pins is more as 
compared to an implementation where a dedicated inductor for each output is used. This is 
because of the control signal outputs required to control the S3 and S4 switches. 
 Also, to get a low on resistance, the S1-S4 switch sizes may turn out to be comparable 
to the design where two different dedicated DC-DC converters are used. In order to limit the 
cross regulation in the scheme in Fig. 105, some feedback control is needed to control the S3 
and S4 switches [acd][Junjie09]. Putting all these factors together, only single output DC-DC 
converter is implemented. 
 The efficiency values given in Table 22 are the worst case efficiencies and more 
details about the system efficiency in different load-line conditions is given in section 6.3. 
The overall quiescent current value given in Table 22 is for the PFM mode operation when 
the load current is zero and there is no switching in the converter. 
 PSRR values given in Table 22 are derived from the power supply rejection values 
given in section 6.2.1. As can be observed from Table 22, the implemented structure bears 
poor power supply rejection. 
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7 Conclusions 
 As pointed out in sections 3.1.1.2 and 3.1.1.3, the sizes of the off-chip LC filter 
section components are mainly decided by the switching frequency and load current 
requirements. Therefore, in order to reduce the sizes of these components so that they can be 
integrated on-chip, the frequency of operation of the DC-DC converter needs to be increased 
proportionally. 
 Employing the PFM mode control in the low load current conditions and using the 
PWM mode control in the medium to high load current conditions keeps the efficiency high 
over the entire rated load current range. 
 The power switches contribute major part of the power consumption. In the PWM 
control mode, the on resistance of the power switches and in the PFM mode the on resistance 
as well as the gate capacitances are the major contributors to the efficiency loss.  
 In the PWM mode operation, the power consumption in the control loop only 
contributes a very small percentage of the total power consumption. Therefore, the power 
consumption can be traded for the performance of the system components which are active 
only in the PWM control loop. However, for the low load current feedback control loop, i.e. 
the PFM control loop in this implementation, minimum number of system components should 
be active to reduce the power consumption and hence increase the efficiency.   
 The feed-forward employed in the sawtooth generator improves the line regulation of 
the system. However, the power supply rejection specifications are not met. The main reason 
for the limited supply rejection can be attributed to the finite PWM mode closed-loop 
bandwidth of the system. 
 As pointed out in sections 5.6 and 5.7, for a given switching frequency, the loop 
bandwidth in the PWM mode can be increased by increasing the area consumed by the 
passive components used for the loop compensation and by increasing the power consumption 
in the error amplifier to get a higher gain bandwidth product of the amplifier. 
 During the mode switching, depending on the switching boundaries, different 
techniques can be used to improve the load transient responses. As pointed out in section 5.8, 
one such technique implemented in this converter is to tie the compensated error amplifier 
output to a predefined value in the PFM mode operation. This limits the drop of the DC-DC 
converter output voltage during the mode change from the PFM mode to the PWM mode. 
 A digital soft-start is implemented in this DC-DC converter, which can be easily 
augmented with an ability to increase the rise time of the DC-DC converter output depending 
on some digital input code.  
 As given in the simulation results in section 6, the implemented DC-DC converter has 
a high efficiency over a wide range of load currents. The steady state load and line regulations 
of the converter are also high. 
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8 Future Work 
Although the presented thesis work outlines a high efficiency DC-DC Buck converter, some 
suggestions for the improvements in the presented thesis work are outlined below: 
 

• High input voltage tolerance 
In order to extend the input voltage range over which the DC-DC converter can work, 
two approaches can be followed. One approach can be to insert another level of 
regulation for the whole system as suggested in [Ahmed09]. The other approach can 
be to supply the feedback loop with a regulated voltage while the power switches are 
cascoded so that they can be directly connected to the input voltage and their gates 
are driven using the level shifters [Volkan04]. 
 

• Power-on-Reset circuit 
As pointed out in section 5.15, a Power-on-Reset (POR) circuit is needed to reset all 
the digital memory elements in the soft-start circuit. This ensures that the counter 
used in the soft-start circuit starts from count 0 and follows the intended startup 
sequence. 
 

• High PSRR Bandgap reference circuit 
The reference voltage used in the feedback control loops, i.e. the bandgap reference 
voltage, is used to stabilize the output voltage. Hence, the variations in this voltage 
directly reflect as the variations in the output voltage. Therefore, a high PSRR 
bandgap reference circuit is needed to get better line transient responses. 
 

• EMI considerations 
In this thesis work, the radiated and the conducted EMI were not analyzed. In order to 
integrate the DC-DC converter on a chip with some other system, the conducted EMI 
needs to be fully characterized to see its effect on the performance of the other 
system. The radiated EMI relates to the noise emitted from the switching in the 
system and needs to be regulated to pass the EMI regulatory specifications.   
 

• Package model inclusion 
In the simulation results presented in this thesis work, package models for the input-
output pins are not included. In order to limit the losses in the package pins multiple 
supply pins can be used to reduce the equivalent parallel resistances. Also, separating 
the grounds for the power switches and the feedback control loops is important to 
limit the noise coupled from the hard switching of the power switches into the 
feedback control loop. Guidelines for connecting the different grounds in a DC-DC 
converter can be found in [marty2].  
 

• Layout 
The layout of the implemented system is as challenging as the schematic design is. 
Due to the high currents involved, the layout should target to minimize the parasitic 
resistances in the connection wires as well as maintain the reliable current densities. 
Matching should be considered in all the differential circuits, the voltage dividers and 
the current mirrors employed throughout the system. 

 
 Apart from the points given above, as the power switches play a major role in the 
efficiency loss, more design effort can be targeted towards implementing special techniques 
to reduce the on resistances of the power switches as well as to reduce the switching losses 
involved.  
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10 Appendix A: SKILL Scripts 
SKILL scripts were used to simulate some of the system component blocks. These scripts are 
given in the sections 10.1 and 10.2. 

10.1 Continuous Voltage Comparator  
The SKILL scripts used to simulate the continuous voltage comparator are given in this 
section. The testbench used is shown in Fig. 15. 

10.1.1 Delay Calculation Script 

The following script calculates the rising edge and falling edge delays as explained in section 
5.1.1.1 and saves this information into a file. 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;Start of script;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
;;;;;;;; Author : Vir Varinder Manh 
;;;;;;;; Project : DC-DC Converter 
;;;;;;;; Module : dc_dc_comparator 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
 
ocnWaveformTool( 'awd ) 
simulator( 'spectre ) 
design(  "/ldisk/simulation_vmanh/dc_dc_comparator_tb/spectre/config/netlist/netlist") 
resultsDir( "/ldisk/simulation_vmanh/dc_dc_comparator_tb/spectre/config" ) 
modelFile(  
    '("/proj/projects/dcdc/modelfile_local.scs" "Typical") 
) 
analysis('tran ?stop "4u"  ?errpreset "moderate"  ) 
desVar(   "vInPos" 1.65 ) 
desVar(   "Vdd" 3.3 ) 
desVar(   "vInNeg" 1.65 ) 
desVar(   "P_step1" 2u ) 
desVar(   "vInPos_initial" "Vdd" ) 
option( 'temp  "60.0"  
) 
temp( 60.0 )  
 
fle=outfile("/proj/worklibs/vmanh/Results/Comparator/PosInput_Swept_tt_vdd_33_temp_60.
txt" "a") 
fprintf(fle "vInPos\tDelay\n") 
 
paramAnalysis("vInPos" ?start 0 ?stop 1.645 ?step 50m ) 
paramRun() 
selectResult( 'tran ) 
 
delaylist=list() 
sweepvarlist=list() 
(foreach sweptVar sweepVarValues("vInPos") 
 delay=(cross(famValue( v("/vOut") sweptVar ) 1.65 1 "either" nil nil) - 2e-06)  
 fprintf(fle "%n\t%g\n" sweptVar delay) 
 delaylist=append1(delaylist delay) 
 sweepvarlist=append1(sweepvarlist sweptVar) 
) 
desVar(   "vInPos_initial" 0 ) 
paramAnalysis("vInPos" ?start 1.655 ?stop 3.3 ?step 50m ) 



  LiTH-ISY-EX--10/4408--SE 
 

123 
 

paramRun() 
selectResult( 'tran ) 
(foreach sweptVar sweepVarValues("vInPos") 
 delay=(cross(famValue( v("/vOut") sweptVar ) 1.65 1 "either" nil nil) - 2e-06)  
 fprintf(fle "%n\t%g\n" sweptVar delay) 
 delaylist=append1(delaylist delay) 
 sweepvarlist=append1(sweepvarlist sweptVar) 
) 
close(fle) 
 
;; following section is used to plot the data stored in the files 
xvec=drCreateVec('double sweepvarlist) 
yvec=drCreateVec('double delaylist) 
newWin=awvCreatePlotWindow() 
delay_wave=drCreateWaveform(xvec yvec) 
plot(delay_wave) 
awvSetXAxisLabel(newWin "Positive Input Voltage (V)") 
awvSetYAxisLabel(newWin 1 "Delay (s)") 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;end of script ;;;;;;;;;;;;;;;;;;;;;;;; 

10.1.2  Input Range Calculation Script 

The following script calculates the delay for a fixed 50 mV input difference. In this 
simulation, the delay for different input common-mode voltages is calculated and stored in a 
file. An input range can be inferred from this information as explained in section 5.1.1.2.  
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;Start of script;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
;;;;;;;; Author : Vir Varinder Manh 
;;;;;;;; Project : DC-DC Converter 
;;;;;;;; Module : dc_dc_comparator 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
 
ocnWaveformTool( 'awd ) 
simulator( 'spectre ) 
design(  "/ldisk/simulation_vmanh/dc_dc_comparator_tb/spectre/config/netlist/netlist") 
resultsDir( "/ldisk/simulation_vmanh/dc_dc_comparator_tb/spectre/config" ) 
modelFile(  
    '("/proj/projects/dcdc/modelfile_local.scs" "Typical") 
) 
analysis('tran ?stop "4u"  ?errpreset "moderate"  ) 
desVar(   "Vdd" 3.3 ) 
desVar(   "P_step1" 2u ) 
desVar(   "vInNeg" 1.65 ) 
desVar(   "vInPos" "vInNeg+50m" ) 
desVar(   "vInPos_initial" 0 ) 
option( 'temp  "60.0"  
) 
temp( 60.0 )  
 
fle=outfile("/proj/worklibs/vmanh/Results/Comparator/Indiff_50mV_InSwept_tt_vdd_33_te
mp_60.txt" "a") 
fprintf(fle "vInNeg\tDelay\n") 
 
risingParam=paramAnalysis("vInNeg" ?start 0.001 ?stop 2.951 ?step 50m ) 
paramRun('risingParam) 
selectResult( 'tran ) 
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delaylist=list() 
sweepvarlist=list() 
(foreach sweptVar cdr(sweepVarValues("vInNeg")) 
 delay=(cross(famValue( v("/vOut") sweptVar ) 1.65 1 "either" nil nil) - 2e-06)  
 fprintf(fle "%n\t%g\n" sweptVar delay) 
 delaylist=append1(delaylist delay) 
 sweepvarlist=append1(sweepvarlist sweptVar) 
) 
 
desVar(   "vInPos_initial" "Vdd" ) 
desVar(   "vInPos" "vInNeg-50m" ) 
fallingParam=paramAnalysis("vInNeg" ?start 2.901 ?stop 0.051 ?step -50m ) 
paramRun('fallingParam) 
selectResult( 'tran ) 
(foreach sweptVar cdr(sweepVarValues("vInNeg")) 
 delay=(cross(famValue( v("/vOut") sweptVar ) 1.65 1 "either" nil nil) - 2e-06)  
 fprintf(fle "%n\t%g\n" sweptVar delay) 
 delaylist=append1(delaylist delay) 
 sweepvarlist=append1(sweepvarlist sweptVar) 
) 
close(fle) 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;end of script ;;;;;;;;;;;;;;;;;;;;;;;; 
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10.2 Load Current Sensor 
The SKILL script used to simulate the load current sensor testbench is given below. The 
testbench used is shown in Fig. 72. In this script, the load current is varied and to avoid 
superimposition of the results, the current values are sampled for different cycles. More 
details regarding the results obtained can be found in section 5.12.2. 
 This script’s function is similar to doing a nested parametric analysis, by varying the 
temperature in the outer loop and the load current in the inner loop. This script can be easily 
modified to include the supply voltage variations as well.  
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;Start of script;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
;;;;;;;; Author : Vir Varinder Manh 
;;;;;;;; Project : DC-DC Converter 
;;;;;;;; Module : dc_dc_Load_current_sensor 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
 
temp_step = list(-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12) 
 
foreach(tempit temp_step 
 
ocnWaveformTool( 'wavescan ) 
simulator( 'spectre ) 
design( 
"/ldisk/simulation_vmanh/dc_dc_load_current_sensor_tb/spectre/config/netlist/netlist") 
resultsDir( "/ldisk/simulation_vmanh/dc_dc_load_current_sensor_tb/spectre/config" ) 
modelFile(  
    '("/proj/projects/dcdc/modelfile_local.scs" "Typical") 
) 
analysis('tran ?stop "100u"  ?errpreset "moderate"  ) 
desVar(   "EN_time" 20u ) 
desVar(   "Vdd" 3.3 ) 
desVar(   "iLoad" 200m ) 
desVar(   "Frequency" 3e6 ) 
option( 'temp "60.0"    
) 
save( 'i "/L0/PLUS" "/I1/iOut_Sensed_1" ) 
 
current_it_temp=tempit*10 
temp(current_it_temp) 
 
;; changing the file names for each temperature iteration 
sprintf(sfilestring 
"sensefile=outfile(\"/proj/worklibs/vmanh/Results/Load_Current_Sensor/Data/Temp_Variatio
ns/iSensed_tt_vdd_33_temp_%n.txt\" \"a\")" current_it_temp) 
evalstring(sfilestring) 
sprintf(iLfilestring 
"iL_file=outfile(\"/proj/worklibs/vmanh/Results/Load_Current_Sensor/Data/Temp_Variations
/iL_tt_vdd_33_temp_%n.txt\" \"a\")" current_it_temp) 
evalstring(iLfilestring) 
 
fprintf(sensefile "time\tsensedCurrent\n") 
fprintf(iL_file "time\tInductor Current\n") 
 
it_step=list(0 1 2 3 4 5 6 7 8 9 10 11 12) 
 
;; loop for load current change 
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foreach(val it_step 
 
desVar( "iLoad" (50m+(val*100m))) 
run() 
 
;; sampling one cycle of switching 
Sensed_Current = clip(IT("/I1/iOut_Sensed_1") (8.01e-05 + (val / 3e6)) (8.04e-05 + (val / 
3e6))) 
Inductor_Current = clip(IT("/L0/PLUS") (8.01e-05 + (val / 3e6)) (8.04e-05 + (val / 3e6))) 
 
sensed_xvec=drGetWaveformXVec(Sensed_Current) 
sensed_yvec=drGetWaveformYVec(Sensed_Current) 
 
iL_xvec=drGetWaveformXVec(Inductor_Current) 
iL_yvec=drGetWaveformYVec(Inductor_Current) 
 
sensedvecLength=drVectorLength(sensed_xvec) 
 
for( loop_var1 0 (sensedvecLength-1) 
fprintf(sensefile "%.12g\t%.12g\n" drGetElem(sensed_xvec loop_var1) 
drGetElem(sensed_yvec loop_var1)) 
fprintf(iL_file "%.12g\t%.12g\n" drGetElem(iL_xvec loop_var1) drGetElem(iL_yvec 
loop_var1)) 
) 
 
) 
close(sensefile) 
close(iL_file) 
) 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;end of script ;;;;;;;;;;;;;;;;;;;;;;;;  
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11 Appendix B: Process Corner Simulation 
Results 

Due to the tolerances in the manufacturing process, all the manufactured ICs may not exhibit 
exactly the same behavior. Process corner simulations can be done to know the behavior of 
the circuit in the cases of extreme rated variations. In the process corner simulation results to 
follow, each process corner is denoted with a 7 letter word in a format as given below: 
 

ffff_hl 
 
 Here, the first and the second letter denote the process corners for the NMOS 
transistors and the PMOS transistors respectively. The possible values for these first two 
letters are combinations of ‘f’ and ‘s’, where ‘f’ denotes the fast version of the device and ‘s’ 
denotes the slow version. Next two letters together have values ‘ff’ and ‘ss’ only, and are for 
all other devices used in the design. For the typical case, first four letters are replaced by 
‘typ’. 
 After the underscore, the first letter denotes the temperature and the second one is 
used for the supply voltage. The possible values for these two parameters are given below:  
  For the supply voltage VDD: h = 3.6 V, l = 2.3 V 
  For the temperature: h = +115 Degree C, l = -40 Degree C 
 For the circuits where only the MOSFET transistors are used, the numbers of process 
corners are less as only the transistor corners are considered. Following sections contain the 
process corner simulation results for the analog basic building blocks of the system. 
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11.1 Continuous Voltage Comparator 
The process corner simulation results for the continuous voltage comparator are given in this 
section. The testbench used for the simulations is similar to as given in section 5.1.1. 

11.1.1 Delay 

As shown in Fig. 106, there are two bunches of curves. One is for VDD = 2.3 V and the other 
one is for VDD = 3.6 V.  The single curve at the center is for the typical case of VDD = 3.3 V. 
 

 
 

Figure 106 : Process corner simulation results for the delay through the continuous 
voltage comparator for the different input voltage differences, being swept by 

varying vInPos. vInNeg = VDD/2. 
 
 As explained in section 5.1.1.1, in Fig. 106 the curve section from vInPos = 0 till 
the peak denotes the falling edge delay and rest of the curve denotes the rising edge delay. 

11.1.2 Input Range 

For calculating the input range over different process corners, the delay plots are shown in 
Fig. 107. Similar to the delay results in section 11.1.1, there are two bunches of curves. One is 
for VDD = 2.3 V and the other one is for VDD = 3.6 V.  The single curve at the center is for the 
typical case of VDD = 3.3 V. Notice that in Fig. 107, only the rising edge results are displayed. 
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Figure 107 : Process corner simulation results for the delay through the continuous 
voltage comparator when the input common-mode is swept while keeping a 

constant 50 mV input difference. 

11.1.3 Input Offset 

The input offset voltage of the continuous voltage comparator over different process corners 
is given in Table 23. 

 
Table 23 : Continuous voltage comparator’s input offset voltage over different 

process corners. 
 

Corner  Input Offset 
(V) 

 Corner Input 
Offset 

(V) 
ff_hh -1.499 m  sf_ll -1.1 m 
ff_hl -1.499 m ss_hh -1.307 m 
ff_lh -900.4 µ ss_hl -1.307 m 
ff_ll -900.4 µ ss_lh -904.4 µ 
fs_hh -1.321 m ss_ll -904.4 µ 
fs_hl -1.321 m typ -1.3 m 
fs_lh -900 µ typ_hh -1.498 m 
fs_ll -900 µ typ_hl -1.498 m 
sf_hh -1.5 m typ_lh -905.8 µ 
sf_hl -1.5 m typ_ll -905.8 µ  
sf_lh -1.1 m  
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11.2 Sawtooth Generator 
The process corner simulation results for the sawtooth generator are given in Table 24. The 
testbench used for the simulations is similar to as given in section 5.2.3. 
 

Table 24 : Process corner simulation results for the sawtooth generator. 
 

Corner Output  
Frequency 

(Hz) 

Output Peak  
Voltage 

(V) 

LVR Average 
Output Voltage 

 (V) 

LVR Output  
Voltage Ripple 

(V) 
ffff_hh 2.542 M 3.203 1.6 7 m 
ffff_hl 2.545 M 1.863 1.599 8 m 
ffff_lh 4.169 M 3.179 1.6 11 m 
ffff_ll 4.173 M 2.135 1.599 11 m 

ffss_hh 2.542 M 3.138 1.6 7 m 
ffss_hl 2.545 M 1.617 1.599 8 m 
ffss_lh 4.169 M 3.068 1.6 9 m 
ffss_ll 4.172 M 2 1.599 9 m 
fsff_hh 2.297 M 3.194 1.6 8 m 
fsff_hl 2.299 M 1.994 1.599 7 m 
fsff_lh 3.706 M 3.178 1.6 12 m 
fsff_ll 3.709 M 2.163 1.599 11 m 

fsss_hh 2.297 M 3.063 1.6 7 m 
fsss_hl 2.298 M 1.742 1.599 7 m 
fsss_lh 3.705 M 3.052 1.6 10 m 
fsss_ll 3.708 M 2.157 1.599 10 m 
sfff_hh 2.329 M 3.244 1.6 7 m 
sfff_hl 2.332 M 1.81 1.599 6 m 
sfff_lh 3.799 M 3.236 1.6 10 m 
sfff_ll 3.804 M 2.182 1.599 9 m 

sfss_hh 2.329 M 3.115 1.6 7 m 
sfss_hl 2.332 M 1.54 1.599 7 m 
sfss_lh 3.799 M 3.08 1.6 9 m 
sfss_ll 3.803 M 2.032 1.599 9 m 
ssff_hh 2.104 M 3.231 1.6 6 m 
ssff_hl 2.106 M 1.988 1.599 6 m 
ssff_lh 3.377 M 3.244 1.6 9 m 
ssff_ll 3.381 M 2.204 1.599 9 m 

ssss_hh 2.104 M 3.019 1.6 7 m 
ssss_hl 2.106 M 1.695 1.599 6 m 
ssss_lh 3.377 M 3.081 1.6 8 m 
ssss_ll 3.381 M 2.195 1.599 8 m 

typ 2.682 M 2.865 1.6 7 m 
typ_hh 2.32 M 3.179 1.6 7 m 
typ_hl 2.322 M 1.764 1.599 6 m 
typ_lh 3.766 M 3.154 1.6 9 m 
typ_ll 3.77 M 2.169 1.599 10 m 
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11.3 Linear Series Voltage Regulator 
The process corner simulation results for the linear series voltage regulator are given in Table 
25. The testbench used for the simulations is similar to as given in section 5.3.1. 
 

 Table 25 : Process corner simulation results for the linear series voltage regulator. 
 

Corner Output Voltage 
(V) 

Closed-Loop  
Phase Margin 

(Degrees) 

Closed-Loop 
Gain Margin 

(dB) 
ffff_hh 1.600 57.06 19.76 
ffff_hl 1.599 52.76 25.46 
ffff_lh 1.600 72.37 27.17 
ffff_ll 1.599 69.79 29.55 

ffss_hh 1.600 63.90 27.83 
ffss_hl 1.599 61.93 30.82 
ffss_lh 1.600 77.36 24.55 
ffss_ll 1.599 76.26 27.36 
fsff_hh 1.600 54.62 20.18 
fsff_hl 1.599 49.36 27.70 
fsff_lh 1.600 70.44 29.04 
fsff_ll 1.599 67.06 31.25 

fsss_hh 1.600 62.19 26.69 
fsss_hl 1.599 58.44 31.53 
fsss_lh 1.600 75.79 26.86 
fsss_ll 1.599 74.29 29.80 
sfff_hh 1.600 54.29 18.23 
sfff_hl 1.599 50.35 25.05 
sfff_lh 1.600 69.13 27.17 
sfff_ll 1.599 67.15 28.90 

sfss_hh 1.600 61 23.20 
sfss_hl 1.599 59.38 28.01 
sfss_lh 1.600 74.14 26.28 
sfss_ll 1.599 73.66 28.95 
ssff_hh 1.600 51.86 18.74 
ssff_hl 1.599 47.46 27.43 
ssff_lh 1.600 67.37 27.25 
ssff_ll 1.599 64.51 29.21 

ssss_hh 1.600 59.55 22.61 
ssss_hl 1.599 55.92 29.24 
ssss_lh 1.600 72.77 28.59 
ssss_ll 1.599 71.83 31.33 

typ 1.600 62.45 24.41 
typ_hh 1.600 58.61 21.11 
typ_hl 1.599 54.64 27.16 
typ_lh 1.600 72.78 27.92 
typ_ll 1.599 71.03 30.59 

 
 In order to see how the supply rejection varies over the process corners, Fig. 108 
shows the gain from the supply to the output of the linear series voltage regulator. 
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Figure 108 : Linear series voltage regulator’s gain from the power supply to the 

output voltage over the process corners. 
 
 
Fig. 109 shows the response to the load/line variations as given in section 5.3.2.2. 
 

 
 

Figure 109 : Linear series voltage regulator’s load and line transient responses over 
the process corners. 
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11.4 OTA for LVR 
The process corner simulation results for the operational transconductance amplifier used in 
the linear series voltage regulator are given in Table 26. The testbench used for the 
simulations is similar to as given in section 5.4.1. 
 

 Table 26 : Process corner simulation results for the OTA for the LVR. 
 

Corner DC-Gain 
(dB) 

Phase Margin 
(Degrees) 

Gain Margin 
(dB) 

3-dB Bandwidth 
(Hz) 

Unity Gain 
Frequency, fu (Hz) 

ffff_hh 69.47 61.07 14.43 105.7 K 29.24 M 
ffff_hl 68.10 58.77 12.06 95.7 K 24.06 M 
ffff_lh 71.59 82.96 36.18 141.4 K 48.38 M 
ffff_ll 69.83 74.48 38.88 124 K 35.51 M 

ffss_hh 69.47 78.97 28.60 78.25 K 22.08 M 
ffss_hl 68.10 74.16 33.75 70.77 K 17.8 M 
ffss_lh 71.59 107.8 12.61 104.6 K 48.27 M 
ffss_ll 69.83 95.48 11 91.72 K 29.25 M 
fsff_hh 70.50 58.76 36.63 89.09 K 26.98 M 
fsff_hl 68.62 57.09 29.94 84.15 K 22.23 M 
fsff_lh 72.65 78.86 37.11 117.4 K 42.78 M 
fsff_ll 69.93 71.51 21.60 110.8 K 31.92 M 

fsss_hh 70.49 75.60 36.31 65.95 K 20.11 M 
fsss_hl 68.62 71.56 11.25 62.27 K 16.35 M 
fsss_lh 72.65 102.6 9.955 86.86 K 38.49 M 
fsss_ll 69.93 90.93 36.51 82.01 K 25.34 M 
sfff_hh 69.81 55.56 25.52 96.75 K 27.7 M 
sfff_hl 67.96 54.10 30.40 91.69 K 23 M 
sfff_lh 71.52 76.18 19 133.4 K 43.86 M 
sfff_ll 69.18 69 32.32 123.4 K 33.21 M 

sfss_hh 69.81 72.95 36.35 71.62 K 20.54 M 
sfss_hl 67.96 69.14 10.04 67.85 K 16.85 M 
sfss_lh 71.52 100.5 9.182 98.75 K 39.24 M 
sfss_ll 69.18 89.23 36.63 91.32 K 26.34 M 
ssff_hh 70.98 53.32 19.47 80.68 K 25.66 M 
ssff_hl 68.52 52.49 21.38 80.65 K 21.37 M 
ssff_lh 72.71 72.29 16.07 109.8 K 39.35 M 
ssff_ll 69.26 66.28 34.85 111.4 K 30.21 M 

ssss_hh 70.98 69.74 38.92 59.72 K 18.84 M 
ssss_hl 68.52 66.71 26.99 59.68 K 15.58 M 
ssss_lh 72.71 95.15 17.77 81.29 K 32.99 M 
ssss_ll 69.26 85.12 14.10 82.37 K 23.33 M 

typ 70.79 71.05 38.35 82.45 K 25.48 M 
typ_hh 70.15 66.10 14.43 78.94 K 23.2 M 
typ_hl 68.30 63.32 12.06 74.66 K 19.11 M 
typ_lh 72.08 89.90 36.18 106.5 K 39.53 M 
typ_ll 69.58 80.48 38.88 99.36 K 28.41 M 
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11.5 Loop Compensation 
The process corner simulation results for the loop compensation are given in Table 27. The 
testbench used for the simulations is similar to as given in section 5.6.1. 
 

Table 27 : Process corner simulation results for the loop compensation. 
 

Corner Loop Phase Margin 
(Degrees) 

Loop Bandwidth 
(Hz) 

ffff_hh 72.70 236.3 K 
ffff_hl 72.65 237 K 
ffff_lh 73.31 244.5 K 
ffff_ll 73.25 245.1 K 

ffss_hh 59.52 401.1 K 
ffss_hl 57.99 409.5 K 
ffss_lh 60.15 403.6 K 
ffss_ll 58.87 410.5 K 
fsff_hh 72.71 236.6 K 
fsff_hl 72.64 237.3 K 
fsff_lh 73.31 244.7 K 
fsff_ll 73.23 245.4 K 

fsss_hh 59.01 404.7 K 
fsss_hl 57.23 413.8 K 
fsss_lh 59.79 406 K 
fsss_ll 58.29 413.6 K 
sfff_hh 72.75 236.5 K 
sfff_hl 72.61 237.1 K 
sfff_lh 73.31 244.6 K 
sfff_ll 73.15 245.1 K 

sfss_hh 59.41 403 K 
sfss_hl 57.58 411 K 
sfss_lh 60 404.5 K 
sfss_ll 58.43 410.9 K 
ssff_hh 72.74 236.8 K 
ssff_hl 72.58 237.4 K 
ssff_lh 73.30 244.8 K 
ssff_ll 73.10 245.4 K 

ssss_hh 58.84 406.5 K 
ssss_hl 56.75 415.3 K 
ssss_lh 59.62 406.9 K 
ssss_ll 57.77 413.9 K 

typ 70.55 314.1 K 
typ_hh 70.55 311.7 K 
typ_hl 70.12 314.5 K 
typ_lh 70.46 320.2 K 
typ_ll 70.02 322.7 K 

 

  



  LiTH-ISY-EX--10/4408--SE 
 

135 
 

11.6 Error Amplifier 
The process corner simulation results for the error amplifier are given in Table 28. The 
testbench used for the simulations is similar to as given in section 5.7.1. 
 

 Table 28 : Process corner simulation results for the error amplifier. 
 

Corner DC-Gain 
(dB) 

Phase Margin 
(Degrees) 

Gain Margin 
(dB) 

3-dB Bandwidth 
(Hz) 

Unity Gain 
Frequency, fu (Hz) 

ffff_hh 64.69 56.49 24.79 715 K 117.4 M 
ffff_hl 66.20 54.51 25.65 512.5 K 94.98 M 
ffff_lh 68.18 67.69 - 873.7 K 236.7 M 
ffff_ll 69.39 66.41 - 597.5 K 161.2 M 

ffss_hh 64.69 77.29 22.22 531 K 109 M 
ffss_hl 66.20 74.36 23.95 380.3 K 82.62 M 
ffss_lh 68.18 67.92 - 648.7 K 319 M 
ffss_ll 69.39 81.40 18.2 443.3 K 186.3 M 
fsff_hh 66.28 54.79 26.2 582.4 K 107.6 M 
fsff_hl 67.30 53.02 26.46 434.2 K 87.44 M 
fsff_lh 69.55 67.44 - 714.9 K 204.4 M 
fsff_ll 70.17 64.80 - 512 K 142 M 

fsss_hh 66.28 75.43 24.02 432.3 K 96.49 M 
fsss_hl 67.30 72.29 25.82 322.2 K 74.45 M 
fsss_lh 69.55 74.49 - 530.5 K 263.1 M 
fsss_ll 70.17 83.18 20.09 379.6 K 151.4 M 
sfff_hh 66.94 51.27 25.95 567 K 107.4 M 
sfff_hl 65.73 49.23 24.9 505.2 K 87.18 M 
sfff_lh 68.71 63.43 - 789.9 K 198.2 M 
sfff_ll 66.55 60.02 23.93 706.4 K 138.9 M 

sfss_hh 66.94 72.16 24.31 420.8 K 95.79 M 
sfss_hl 65.73 68.69 26.29 374.9 K 74.05 M 
sfss_lh 68.71 73.20 - 586.6 K 246.6 M 
sfss_ll 66.55 79.50 20.84 524 K 143.7 M 
ssff_hh 68.19 49.31 26.31 473.8 K 98.61 M 
ssff_hl 66.23 47.55 22.89 449.6 K 80.39 M 
ssff_lh 69.81 61.94 - 660.5 K 173.7 M 
ssff_ll 66.38 58.53 25.66 652.7 K 124.5 M 

ssss_hh 68.19 69.74 26.27 351.5 K 85.61 M 
ssss_hl 66.23 66.31 28.29 333.5 K 67.19 M 
ssss_lh 69.81 77.02 - 490.1 K 201.5 M 
ssss_ll 66.38 79.19 22.66 484.3 K 121.4 M 

typ 68.06 67.65 24.1 480.5 K 114.8 M 
typ_hh 66.95 64.06 25.57 476.7 K 100 M 
typ_hl 66.72 61.28 27.21 392.7 K 79.56 M 
typ_lh 69.43 73.54 - 624.7 K 219 M 
typ_ll 68.60 73.43 22.02 503 K 139.2 M 

 
 Missing values for the gain margin in Table 28 are due to the limited frequency 
sweep range of the simulations. Since the phase does not reach 180 degrees lag in the 
frequency range of the simulation, the gain margin is not calculated for that case. 
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11.7 Hysteresis Comparator 
The process corner simulation results for the hysteresis comparator are given in this section. 
The testbench used for the simulations is similar to as given in section 5.9.1. 

11.7.1 Delay 

The process corner simulation results for the delay through the hysteresis comparator are 
given in Fig. 110. 
 

 
 

Figure 110 : Process corner simulation results for the delay through the hysteresis 
comparator for the different input voltage differences being swept by varying 

vInPos. Vref = 1.2 V. 
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11.7.2 Hysteresis 

The process corner simulation results for the thresholds of the hysteresis comparator are given 
in Table 29. The threshold values given in Table 29 are relative to Vref. 
 

Table 29 : Process corner simulation results for the hysteresis comparator threshold 
values. 

 

Corner 
Upper 

Threshold 
(V) 

Lower 
Threshold 

(V) 

Hysteresis 
(V) 

ff_hh 445.8 µ -454.2 µ 0.9 m 
ff_hl 171.7 µ -128.3 µ 0.3 m 
ff_lh -554.3 µ -554.3 µ 0 
ff_ll -328.3 µ -328.3 µ 0 
fs_hh 245.8 µ -254.2 µ 0.5 m 
fs_hl -28.26 µ -28.26 µ 0 
fs_lh -654.2 µ -654.2 µ 0 
fs_ll -328.3 µ -328.3 µ 0 
sf_hh 7.046 m -7.054 m 14.1 m 
sf_hl 6.972 m -6.928 m 13.9 m 
sf_lh 2.546 m -2.554 m 5.1 m 
sf_ll 2.372 m -2.328 m 4.7 m 
ss_hh 6.646 m -6.554 m 13.2 m 
ss_hl 6.272 m -6.228 m 12.5 m 
ss_lh 1.846 m -1.854 m 3.7 m 
ss_ll 1.372 m -1.328 m 2.7 m 
typ 1.75 m -1.75 m 3.5 m 

typ_hh 2.946 m -2.954 m 5.9 m 
typ_hl 2.572 m -2.528 m 5.1 m 
typ_lh -54.17 µ -54.17 µ 0 
typ_ll -28.26 µ -28.26 µ 0 

 
 Some of the hysteresis values in the Table 29 are 0 due to the limited resolution of the 
simulations.  In the case of very low hysteresis value, major part of the output voltage ripple 
of the DC-DC converter will be defined by the delay through the PFM control loop. 
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11.8 Load Current Sensor 
For doing the process corner simulations, the testbench used is similar to as given in section 
5.12.1. The load current is fixed as 200 mA. Fig. 111 shows the steady state rising edges of 
the inductor currents and the corresponding sensed currents for different process corners. 
 

 
      (a) 
 

 
      (b) 
 

Figure 111 : Process corner simulation results for the load current sensor (a) sensed 
current (b) inductor current. 
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11.9 Current Comparator 
The process corner simulation results for the delay through the current comparator are given 
in Fig. 112. The testbench used for the simulations is similar to as given in section 5.14.1. 
 

 
 

Figure 112 : Process corner simulation results for the delay through the current 
comparator for different input currents, VDD = 3.3 V, iRef = 11.3 µA. 

 
 As explained in section 5.14.2, in Fig. 112 the curve sections from 5 µA input current 
till the peak denotes the falling edge delay and rest of the curve denotes the rising edge delay. 
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12 Appendix C: Monte Carlo with Mismatch 
Only Simulation Results 

In order to estimate the yield after the manufacturing, a statistical analysis such as Monte 
Carlo analysis can be performed. Following sections contain the ‘Monte Carlo with mismatch 
only’ analysis simulation results for some of the basic building blocks of the system.  

12.1 Continuous Voltage Comparator 
During the Monte-Carlo with mismatch analysis, the rising and falling edge delays are 
calculated for different input voltage differences. For the results in Table 30, vInNeg = 
VDD/2, VDD = 3.3 V and the positive input vInPos is switched as explained in section 
5.1.1.1. The testbench used for the simulations is similar to as given in section 5.1.1. 
 

Table 30 : Monte Carlo with mismatch analysis results for the delay through the 
continuous voltage comparator. 

 
Number of Runs = 100 Rising Edge Delay  Falling Edge Delay  

Input Difference  50 mV 150 mV 250 mV 50 mV 150 mV 250 mV 
Mean, µ 9.20 ns 7.41 ns 7.17 ns 7.70 ns 5.78 ns 5.48 ns 

Standard Deviation, σ 1.04 ns 782 ps 756 ps 820 ps 580 ps 548 ps 
 
 The input offset voltages of the continuous voltage comparator in the Monte Carlo 
with mismatch analysis are given in Table 31. 
 

Table 31 : Monte Carlo with mismatch analysis results for the input offset voltage 
of the continuous voltage comparator. 

 
Number of Runs = 100 Input Offset Voltage (V) 
Mean, µ -513.562 µ 
Standard Deviation, σ 7.03268 m 

12.2 Sawtooth Generator 
The Monte Carlo with mismatch analysis results for the sawtooth generator block are given in 
Table 32. The testbench used for the simulations is similar to as given in section 5.2.3. 
 

Table 32 : Monte Carlo with mismatch analysis simulation results for the sawtooth 
generator. 

 

Number of 
Runs = 50 

Output 
Frequency 

(Hz) 

Output 
Peak 

Voltage 
(V) 

LVR 
Average 
Output 
Voltage 

(V) 

LVR Maximum 
Output Voltage 

(V) 

LVR Minimum 
Output Voltage 

(V) 

Mean, µ 2.680 M 2.823 1.599 1.604 1.596 
Standard 

Deviation, σ 13.18 K 181.45 m 4.91 m 4.95 m 4.86 m 
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12.3 Linear Series Voltage Regulator 
The Monte Carlo with mismatch analysis results for the linear series voltage regulator are 
given in Table 33. The testbench used for the simulations is similar to as given in section 
5.3.1. 
 

Table 33 : Monte Carlo with mismatch analysis simulation results for the linear 
series voltage regulator. 

 

Number of Runs = 100 Closed-Loop Phase 
Margin (Degrees) 

Closed-Loop Gain 
Margin (dB) 

Output Voltage      
(V) 

Mean, µ 62.1914 24.4053 1.59947 
Standard Deviation, σ 1.60609 2.30715 5.7608 m 
 
 In order to observe the supply rejection variation with the mismatch in the 
components, Fig. 113 shows how the gain from the supply to the output of the linear series 
voltage regulator varies in different runs of the Monte Carlo with mismatch analysis. 
 

 
 

Figure 113 : Linear series voltage regulator’s gain from the power supply to the 
output voltage over 100 Monte Carlo with mismatch analysis runs. 
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Fig. 114 shows the response to the load/line variations applied as given in section 5.3.2.2. 
 
 

 
 

Figure 114 : Linear series voltage regulator’s load and line transient responses over 
100 Monte Carlo with mismatch analysis runs. 
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12.4 OTA for LVR 
Each stage of the designed amplifier has a high gain and even a small misbalance of the 
differential input can change the output voltage considerably. Therefore, for each iteration of 
the Monte Carlo with mismatch analysis, the DC solution calculated to perform the AC 
analysis can vary a lot. However, in the real application scenarios, the amplifiers are seldom 
used in the open loop configuration. For the linear series voltage regulator, the amplifier is 
used in the negative feedback configuration. For the DC operating point calculation, using a 
similar configuration we can employ a feedback loop as shown in Fig. 115. This approach is 
similar to as followed in [tsek36lab] for the DC point calculation. The typical case simulation 
results, given in section 5.4.2, showed a DC solution with 1.666 V at the output. To establish 
the same DC solution during the Monte Carlo simulation runs sp2tswitch from the 
analogLib library is used, which during the DC analysis enables the feedback loop and 
puts the amplifier in a negative feedback configuration. During the AC analysis, the loop is 
broken and the input source is connected to vInNeg. 

 
Figure 115 : Monte Carlo with mismatch analysis simulation testbench for the OTA 

for the LVR. 
 
 Other conditions used for the Monte Carlo simulations are similar to as given in 
section 5.4.1. The Monte Carlo with mismatch analysis results for the operational 
transconductance amplifier used in the linear series voltage regulator are given in Table 34. 
 

Table 34 : Monte Carlo with mismatch analysis results for the OTA for the LVR. 
 

Number of Runs 
= 100 

DC-Gain 
(dB) 

Phase Margin 
(Degrees) 

Gain Margin 
(dB) 

3-dB 
Bandwidth 

(Hz) 

Unity Gain 
Frequency, 

fu (Hz) 
Mean, µ 70.7881 70.8232 27.5598 82.575 K 25.5032 M 
Standard 
Deviation, σ 358.3m 3.1307 6.7465 8.9695 K 2.3467 M 
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12.5 Loop Compensation 
For the AC simulations, the DC operating point trick as outlined in section 12.4 is used. The 
testbench used is shown in Fig. 116. 

 
Figure 116 : Monte Carlo with mismatch analysis simulation testbench for the loop 

compensation. 
 
 Other conditions used for the Monte Carlo simulations are similar to as given in 
section 5.6.1. The Monte Carlo with mismatch analysis simulation results for the loop 
compensation are given in Table 35.  
 

Table 35 : Monte Carlo with mismatch analysis simulation results for the loop 
compensation. 

 
Number of Runs = 100 Loop Bandwidth 

(Hz) 
Loop Phase 

Margin (Degrees) 
Mean, µ 314.194 K 70.5362 
Standard Deviation, σ 572.496 81.8351 m 
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12.6 Error Amplifier 
For the AC simulations, the DC operating point trick as outlined in section 12.4 is used. The 
testbench used is shown in Fig. 117. 

 
Figure 117 : Monte Carlo with mismatch analysis simulation testbench for the error 

amplifier. 
 
 Other conditions used for the Monte Carlo simulations are similar to as given in 
section 5.7.1. The Monte Carlo with mismatch analysis simulation results for the error 
amplifier are given in Table 36. 
 

Table 36 : Monte Carlo with mismatch analysis simulation results for the error 
amplifier. 

 

Number of Runs 
= 100 

DC-Gain 
(dB) 

Phase Margin 
(Degrees) 

Gain Margin 
(dB) 

3-dB 
Bandwidth 

(Hz) 

Unity Gain 
Frequency, 

fu (Hz) 
Mean, µ 68.0537 67.6997 24.0665 484.946 K 116.184 M 
Standard 
Deviation, σ 216.816 m 1.25411 704.148 m 50.7746 K 12.0098 M 
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12.7 Hysteresis Comparator 
During the Monte-Carlo with mismatch analysis, the rising and falling edge delays are 
calculated for the different input voltage differences. For the results in the Table 37, Vref = 
1.2 V, VDD = 3.3 V and the positive input vInPos is switched as explained in section 
5.9.1.1. The testbench used for the simulations is similar to as given in section 5.9.1. 
 

Table 37 : Monte Carlo with mismatch analysis results for the delay through the 
hysteresis comparator. 

 
Number of Runs = 100 Rising Edge Delay  Falling Edge Delay  

Input Difference  50 mV 150 mV 250 mV 50 mV 150 mV 250 mV 
Mean, µ 6.91 ns 5.38 ns 5.19 ns 6.43 ns 4.77 ns 4.54 ns 
Standard Deviation, σ 667 ps 490 ps 473 ps 553 ps 350 ps 330 ps 

 
 The Monte Carlo with mismatch analysis results for the threshold voltages of the 
hysteresis comparator are given in Table 38. The threshold values given in Table 38 are 
relative to Vref = 1.2 V. 
 

Table 38 : Monte Carlo with mismatch analysis results for the threshold voltages of 
the hysteresis comparator. 

 
Number of Runs = 100 Upper Threshold (V) Lower Threshold (V) 

Mean, µ 2.3562 m -2.5328 m 
Standard Deviation, σ 7.4029 m 7.3725 m 
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12.8 Load Current Sensor 
For doing the Monte Carlo with mismatch analysis, the testbench used is similar to as given in 
section 5.12.1. The load current is fixed as 200 mA. Fig. 118 shows the rising edges of the 
inductor currents and the corresponding sensed currents for 20 runs of the Monte Carlo with 
mismatch analysis. 

 
(a) 

 
 (b) 

 
Figure 118 : Monte Carlo with mismatch analysis simulation results for the load 

current sensor (a) sensed current (b) inductor current. 
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12.9 Current Comparator 
During the Monte-Carlo with mismatch analysis for the current comparator, the rising and 
falling edge delays are calculated for different input currents. The testbench used for the 
simulations is similar to as given in section 5.14.1.   
 

Table 39 : Monte Carlo with mismatch analysis results for the delay through the 
current comparator. 

Number of Runs = 100 Rising Edge Delay  Falling Edge Delay  
Input Current  20 µA 22 µA 25 µA 10 µA 13 µA 15 µA 

Mean, µ 21.5 ns 12.2 ns 7.6 ns 6 ns 9 ns 18.5 ns 
Standard Deviation, σ 15.6 ns 4.6 ns 1.9 ns 908 ps 2.5 ns 30.5 ns 

 
 For the results in Table 39, VDD = 3.3 V, iRef = 11.3 µA and the input current is 
switched as explained in section 5.14.2. Also we can notice from Table 39 that as the input 
current moves towards the switching boundary, i.e. ~18 µA set here, the delay as well as its 
standard deviation increases.  
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