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ABSTRACT
This paper proposes a power-efficient PWM DC/DC con-
verter design with a novel zero voltage switching (ZVS) con-
trol technique. The ZVS control is realized by an inner feed-
back loop which is implemented by simple digital circuitry
between the input and output of the power transistors and
achieves real-time zero voltage switching (ZVS) for various
loading and device parameters with power efficiencies over
90.0%. In addition, an outer feedback loop is used to ensure
that the output precisely tracks a reference voltage level. We
have also built the relationship between the output voltage
ripple and the speed of the voltage comparators which has
shown to introduce new low-frequency signals to the loops
and cause significant output voltage ripples. Experiment re-
sults show that the output ripple could be reduced by 4x by
carefully handling the generation and propagation of these
low frequency signals.

1. INTRODUCTION
Power consumption has become one of the most important

issues in modern electronics due to increased complexity and
speed of the system. In order to curb the effect of power on
a system as a whole, multiple power domains have been
proposed as an architecture scheme for low power design.
Essentially, the idea of multiple power domains is that a
system is divided into several different regions or cores [1–
5]. Each core will have a unique supply voltage. Thus,
certain non-critical cores can operate at lower voltage levels
with lower performance and less energy consumption, and
critical cores can operate at higher voltage levels with higher
performance and higher energy consumption.

To support multi-Vdd, an array of supply voltages need to
be generated, whether it is off-chip and distributed to cores
in the chip by several sets of Power/Ground (P/G) networks,
or alternatively, DC/DC converters can be integrated on
chip and convert the input voltage to different voltage levels
internally. Recently, a great deal of research [6–10] has been
devoted to improving the power efficiency and reducing the

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
Copyright 200X ACM X-XXXXX-XX-X/XX/XX ...$5.00.

area cost of on-chip DC/DC converters. However, there are
still many unsolved problems. For instance, the basic lin-
ear regulator and the charge-recycling voltage regulator are
designs that have been looked at as candidates for on-chip
integration because there are no filter elements. Thus, the
area overhead of these designs is fairly small since filter el-
ements usually contribute the most to area. However, the
relative low power efficiency, typically less than 80% [6], of
these designs has limited their application. PWM buck con-
verters are also being considered as candidates for on-chip
integration. To reduce the area cost of LC filters, PWM
buck converters usually employ a high frequency internal
switching signal. But the side effect of using a high fre-
quency signal is that switching power loss becomes a major
factor in the design. A technique referred to as zero voltage
switching is often adopted to make the design more power
efficient. However, traditional zero voltage switching (ZVS)
techniques usually require particular design parameters and
are vulnerable to variations in device parameters and load-
ing. Also, in a feedback loop such as the PWM buck con-
verter there exist sources that generate low frequency sig-
nals. If the LC filter is small as in the on-chip DC/DC
converter, these low frequency signals may pass though the
LC filter and cause a large ripple at the output.

In this paper, we propose design techniques and analy-
sis to address the above problems for high frequency PWM
buck converters. We first introduce a real-time ZVS tech-
nique which relies on a feedback loop as opposed to tun-
ing device parameters to achieve ZVS during design time
as in traditional methods [9]. Our experiment results show
that the feedback mechanism guarantees ZVS under differ-
ent loading and device parameters. Furthermore, using the
real-time ZVS technique we are able to achieve power effi-
ciencies over 90.0%. We then study close loop design and
analysis of PWM buck converters. Our experiment results
show that output voltage ripple in a closed loop PWM buck
converter can be reduced up to 4x by correctly analyzing
and optimizing the sources that generate and propagate low
frequency signals.

The rest of the paper is organized as follows. Section
2 gives some background on PWM buck converter design
and an overview of the topology of our proposed design.
Section 3 has details about the closed loop PWM design
with attention paid to noise control. Section 4 goes over the
design relating to the proposed real-time ZVS technique.
Section 5 presents the experiment results. Finally, we state
some future goals and conclude the paper in Section 5.



2. BACKGROUND AND DESIGN OVERVIEW
Our study focuses on PWM buck DC/DC converters. The

goals of a typical DC/DC converter system is high efficiency,
low layout area, stable output voltages, and robust system
design. The following section details the basic principles of a
PWM, challenges associated with putting a PWM on-chip,
and gives an overview of our specific PWM design which
employs an inner feedback loop to achieve real-time ZVS
and an outer feedback loop to track the reference voltage
level.

2.1 Principles of PWM Buck Converters
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Figure 1: Schematic of a PWM buck converter.

Compared to other designs, such as linear regulators, PWM
buck converters consume more area but have higher power
efficiency. The schematic of a PWM buck converter is shown
in Fig. 1. It consists of two power transistors, M1 and M2,
with their drivers, a low-pass LC filter consisting of Lf and
Cf , a snubber capacitor Csnub, and a pulse width modula-
tor. The basic operation of the PWM can be summarized as
follows: The voltage comparator converts a source voltage
to a pulse signal with an average magnitude equal to a given
reference voltage. The low-pass filter is used to obtain the
desired DC component. Furthermore, the power transistors’
switching patterns are used to dictate the duty cycle and in
effect the output voltage.

The output voltage level Vout is the DC component of the
pulse signal generated by the PWM, and it is

Vout = V ddin · D, (1)

where D is the duty cycle of the pulse signal, which is con-
trolled by Vref as an input of the PWM. In fact,

D =
Vref

V ddin

. (2)

Therefore, we have

Vout = Vref . (3)

As shown in [11], the output voltage ripple of a PWM buck
converter can be expressed as

∆Vout =
V ddin(1 − D)D

8LfCff2
, (4)

where Lf and Cf are the inductance and capacitance of the
LC filter and f is the frequency of the pulse signal. f is also
called the operation frequency of the buck converter.

Equation (4) shows that to keep ∆Vout at a low level, Lf

and/or Cf has to be large if the operation frequency f is
low. In other words, an effective way to reduce the area of
the LC filter in the buck converter is to use a high operation

frequency [7]. However, a high operation frequency leads to
a high switching power loss. To reduce the switching power
loss, a technique called zero voltage switch (ZVS) has been
widely adopted. As shown in [9], ZVS ensures that both
power transistors switch under a zero voltage drop between
source and drain.

Assuming ZVS, according to [7] the conduct loss of power
transistors is given by

Pconduct =
i2rmsR0

W
, (5)

and the switching loss from driving the power transistors is
given by

Pswitching = E0fsW, (6)

where irms is the RMS current passing through the power
transistor, R0 is the equivalent series resistance of a unit size
transistor in the ohmic region, W is the size of the transistor,
E0 is the energy of one switch for a unit size transistor, and
fs is the operation frequency of the DC/DC converter. The
optimum width to minimize the total power loss is given by

Wopt =

s

R0i2rms

fsE0

, (7)

and the total power loss could be expressed as

Pmin = 2
p

R0i2rmsfsE0. (8)

2.2 Challenges and Solutions for On-chip De-
signs

One trend that has recently occurred in the area of power
domain management is to move the DC/DC converter on-
chip as opposed to having it on the board or in the pack-
age [7,8]. The main motivation for such a design is to avoid
creating complex power/ground structures, which generally
have high parasitic values, and get a faster response time
to voltage reference changes. The closer the DC/DC con-
verter is to the actual components using it, the better the
performance since voltage reference changes can take effect
faster.

To include a traditional PWM design on-chip and still
keep the voltage ripple low, typically a high operating fre-
quency is employed to reduce the area requirements for the
inductance and capacitance of the LC filter. To reduce the
power loss caused by high operating frequency, zero voltage
switching is indispensable. The ZVS technique guarantees
that the power transistors switch only when the voltage drop
between their sources and drains are zero, which dramati-
cally reduces the power loss on the power transistors. In this
paper, we propose a real-time ZVS technique which relies on
a feedback loop and demonstrates consistent good results for
various loading and device parameters. In contrast, tradi-
tional design techniques, which determine device parameters
during design time for a particular loading, are vulnerable
to the variation in loading and device parameters.

In a high frequency PWM design the reduced size LC
filter is not able to to prevent low frequency signals from
passing through which may cause a large voltage ripple at
the output. Previous open-loop studies [7] only consider the
impact of high frequency operating switching signals to the
output ripple exemplified by Equation (4). Our close loop
study shows that some components in the loop may create
low frequency signals that significantly increase the ripple
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Figure 2: Overview of the proposed circuit topology.

at the output. We develop a model to show how these com-
ponents contribute to the voltage ripple and suggest design
approaches to reduce it.

2.3 Overview of the Proposed Topology
Our study in this paper is based on the circuit topology

shown in Figure 2. This circuit contains two feedback loops.
The outer loop consists of two power transistors M1 and M2,
LC filter Lf and Cf , voltage comparator V C1, RC integra-
tor Ri and Ci, pulse modulation element V C2, and real-time
ZVS circuitry. The inner loop starts from the output of the
two power transistors, passes through the ZVS circuitry and
ends at the input of the two power transistors.

The outer loop ensures that the output voltage level Vout

tracks the reference voltage level Vref . It can be easily iden-
tified as a negative feedback loop because there are only one
set of negative components, the power transistors, in the en-
tire loop. For example, if Vout is higher than Vref , the out-
put of voltage comparator V C1 is high, Ci is charged, and
the voltage level at the positive input of V C2 is increased,
which increases the duty cycle of the switching signal and
therefore decreases Vout.
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Figure 3: Topology of the voltage comparator.

The design of voltage comparator is adopted from [12],
which has shown high resolution and low power consump-
tion. The topology of the voltage comparator is shown in
Figure 3, which is composed by an input amplification stage,
two flip flops and a RS latch. Two clock signals are used to
clear up previous results and evaluations. More details are
described in [12].

The real-time ZVS technique is achieved by the inner feed-
back loop. To avoid the influence of startup strike, a startup

detection sub-circuit is included as shown in Figure 2. The
idea is not to startup the ZVS circuitry until Vout has been
stabilized. More details will be described in Section 4.

3. CLOSE LOOP DESIGN AND ANALYSIS

3.1 Analysis on output voltage ripple
An important factor that determines the quality of a DC/DC

converter design is the ripple of the output voltage. Previ-
ous studies [7] are based on open-loop analysis and only
consider the impact of high frequency operating signals as
in (4). However, our study shows that there are sources in
the feedback loop that create low frequency signals that may
pass the LC filter and cause a large ripple on the output.
In this section we will study this phenomenon.
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Figure 4: Illustration of changes in duty cycle in the
switching signal.

Our study is based on the design shown in Figure 2. The
voltage comparator V C2 in the figure modulates the duty
cycle of the switching signal feeding the two power transis-
tors and this modulation introduces a signal that contains
a wide range of frequencies. Low frequency components of
this signal may pass the LC filter and cause a voltage ripple
with a frequency approximately equal to the frequency of
the LC filter,1/(2π

p

LfCf ), at the output terminal. Note
that the voltage comparator V C1 may also bring in low fre-
quency components but it is filtered by the RiCi integrator
and has a smaller impact to the overall output ripple.

Figure 4 illustrates the behavior of the operating switching
signal during steady state. In the figure, this signal is de-
composed into an average signal, which maintains a constant



duty cycle and a set of residual signals. The average signal
contains only high frequency components, and the residual
signals contain a wide range of frequency components. As
observed in our experiments, the duty cycle switches be-
tween two states D1 and D2 is roughly the frequency of the
LC filter, i.e.,

T = 2π
p

LfCf . (9)

By Fourier transformation, the residual signals can be ex-
pressed as follows,

f(t) =
2Vdd

π
[
∞

X

n=0

(
sin(2n + 1)ωt2 − sin(2n + 1)ωt1

2n + 1
)cos(2n + 1)ωt

+
∞

X

n=0

(
cos(2n + 1)ωt1 − cos(2n + 1)ωt2

2n + 1
)sin(2n + 1)ωt]

=
2Vdd

π

∞
X

n=0

p

2 − 2cos(2n + 1)ω(t2 − t1)

2n + 1
cos((2n + 1)ωt + φ)

≈

2Vdd

π

∞
X

n=0

ω(t2 − t1)cos((2n + 1)ωt + φ),

where

ω =
1

p

LfCf

. (10)

Notice that t2 − t1 = T ·
∆D
2

, we have

f(t) =
VddT

π
p

LfCf

∆D
∞

X

n=0

cos((2n + 1)ωt + φ). (11)

From (10) we can see that ω is the 3db frequency of the
LC filter which implies that the magnitude of a signal at
this frequency becomes half when it passes through the LC
filter. Also, equation (11) implies that the residual signals
contain frequency components of ω, 3ω, · · · , etc and the
magnitudes of these components are proportional to ∆D.
Given that ω is the 3db frequency of the LC filter, when the
residual signals enter into the LC filter, the low frequency
components, such as ω, 3ω and 5ω, can pass through the
LC filter with significant magnitudes and appear as a ripple
at the output terminal. Because the magnitudes of the low
frequency components of ω, 3ω and 5ω etc. are proportional
to ∆D, the magnitude of the ripple is proportional to ∆D
too. Practically every voltage comparator has a smallest
value of ∆D. In slower voltage comparators this ∆D are
generally larger than in faster comparators. Therefore, we
suggest to use fast voltage comparators to avoid large ripple
at the output.

4. REAL-TIME ZVS TECHNIQUE

4.1 Traditional ZVS techniques
A representative traditional design-time ZVS technique

without feedback is presented in [9]. This technique is de-
rived from the conditions to achieve ZVS shown in Figure
6. To illustrate the ZVS conditions, each cycle of the inter-
nal switching signal is divided into four time fragments, T1,
T2, T3 and T4 in the figure. During T1 and T3, the NMOS
power transistor M2 and PMOS power transistor M1 close,
respectively. During T2 and T4, both transistors are open.
These two time fragments are called deadtimes. Vx drops to
zero at the beginning of T1 when M2 starts to close. Also,

Vx reaches Vdd when M1 starts to close. Thus, M1 and M2

switch at a zero voltage drop between the source and drain
i.e, zero voltage switching. During T2, the inductance cur-
rent ILf

charges Csnub and Vx increases to V dd. Similarly
during T1, the inductance current ILf

discharges Csnub and
Vx decreases to zero.

One can see that the conditions to achieve ZVS are very
restrictive. The inductance current, the length of deadtime,
and the Csnub value have to be fine tuned to satisfy the
ZVS conditions. Furthermore, the inductance current ILf

changes with the loading current. Therefore, parameters
have to be re-tuned when loading current changes. In short,
design-time ZVS techniques without feedback are vulnerable
to variations of devices and loading.
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Figure 6: Conditions to achieve zero voltage switch-
ing.

4.2 Real-time ZVS technique
Assuming Vctrl as the control signal of the power tran-

sistors, without considering ZVS, the control signals for the
PMOS power transistor, M1, and NMOS power transistor,
M2, are the same as Vctrl, i.e.,

Vm1 = Vm2 = Vctrl. (12)

To achieve ZVS, Vm1 and Vm2 can be expressed as

Vm1 = Vctrl + Vx, (13)

and

Vm2 = Vctrl · Vx, (14)

where Vx is the output voltage level of the power transistors.
Equation (13) ensures that Vm1 is 1 whenever Vx is 0, which
implies that M1 turns on (Vm1 changes from 1 to 0) only
when Vx is 1, i.e., the voltage drop between the source and
drain of M1 is zero. Similarly, (14) ensures that Vm2 is
0 whenever Vx is 1, which implies that M2 turns on (Vm2

changes from 0 to 1) only when Vx is 0, i.e., the voltage drop
between the source and drain of M2 is zero.

Equation (13) and (14) explain the principle to achieve
ZVS. The implementation of this principle, however, needs
more careful analysis. For example, using an inverter to ob-
tain Vx from Vx does not fully satisfy our purpose because
an inverter starts to switch when Vx is just over the thresh-
old voltage and by the time the output voltage level of the
inverter starts to turn on power transistors, Vx may not be



Figure 5: Comparison of voltage ripple between buck converters implemented by a 0.4GHZ voltage compara-
tor and 1.6GHz voltage comparator.

able to reach perfect Vdd/zero level yet. To ensure that Vx

stays at the perfect Vdd/zero level when M1 and M2 start
to open, we use voltage comparators instead of inverters to
implement Vx as shown in Figure 2. To drive M1, Vx is
compared with Vhigh = V DD − ∆v and only when Vx is is
higher than Vhigh M1 can open. Similarly, to drive M2, Vx

is compared with a low voltage level Vlow = ∆v and only
when Vx is lower than Vlow, M2 can open. If ∆v is set to
be zero, there will be an overshoot on Vx because it will
continue to increase over Vdd or decrease below zero before
power transistors open. In order to reduce the overshoot on
Vx, we use a ∆v slightly larger than zero (0.3v). However,
as shown in our experiment results, it is impossible to fully
eliminate overshoot.

Overall, the real-time ZVS scheme presented as part of
this design is very unique in the fact that it does not rely on
manually calculating the duty cycle delays for a particular
design. Although there are designs that do automatic ZVS
control, they do not meet the power and area requirements
for on-chip high frequency applications [13, 14].

4.3 ZVS startup detection
Initially, when the circuit is cold started, there is a pe-

riod of time where the output signals have abnormally large
variation. This phenomenon is often referred to as transient
spikes. These large spikes are due to the fact that there is a
ramp up period for the voltage inputs in the circuit which
causes the switching behavior of the power transistors to
be non-optimal. Once the signals in the circuit settle to
their normal mode of operation, these transient spikes are
no longer present.

During this startup period there is no need to turn on the
automatic ZVS calibration control for the system. Due to
the fact that the output signals are in such an altered state
from normal, there will be unnecessary circuitry that needs
to be added to take care of these extreme cases. Further-
more, during the unstable startup period, the inner ZVS
feedback loop may force M1 to be locked at Vdd and the
whole circuit will never start up.

In order to avoid tuning ZVS during the startup period,
a series of D flip-flops are used as delay elements to prevent
the startup of the ZVS calibration scheme until after the
initial transient spikes. Essentially, the output is sampled,
run through a series of D flip-flops, which are clocked based
on the transient spikes that are present, and then an output
of 1 is conveyed to the ZVS calibration circuitry, on both
power transistors, to enable operation. In our design, the
use of four D flip-flops give us the ability to avoid the startup
period. The number of D flip-flops may be increased under

different design parameters.
It is foreseen and verified in the experiments that once

ZVS starts, the actual duty cycle of the switching signal
changes and output voltage level in turn changes. It takes a
short time period for the outer loop to re-track the reference
voltage level. In other words, the introduction of the inner
ZVS loop slightly increases the startup time of the circuit.

5. EXPERIMENT RESULTS

5.1 Close loop design and analysis
To verify the idea that the output voltage ripple is pro-

portional to the smallest duty cycle change ∆D, we have
implemented the voltage comparator, as in Figure 3, at two
different clock rates. One voltage comparator operates at
400MHz and the other at 1.6 GHz frequencies. We compare
the output voltage ripple of the PWM buck converters im-
plemented with these two comparators in Figure 5. Note
that 130nm technology is used, the V dd voltage is 1.3 Volt,
and the reference voltage level is 0.85 Volt. As shown in
the figure, the voltage ripple of the 400 MHz comparator is
about 11.7% as compared to the reference voltage, while the
voltage ripple of the 1.6 GHz comparator is 2.9%. By in-
creasing the frequency of the comparator by 4X, we notice a
reduction in ripple by around 4X. These experiment results
show that when designing the closed loop PWM buck con-
verter, the elements of the closed loop need to be carefully
considered so that the output voltage ripple is minimized.

5.2 ZVS control
One of the strong points of the design presented in this

paper is the fact that the power of the transistors is con-
sistent over a multitude of loads. This is mainly due to the
fact that there is a real-time ZVS control system established
in the circuit.

Figure 7 contains a comparison between design-time ZVS
without feedback and real-time ZVS with feedback. In the
case of the load of 5 and 50 ohms with design-time ZVS, one
can see that the circuit is out of the ZVS mode of operation.
With a load of 5 ohms, the Csnub capacitor is charged too
slow and the voltage of Vx does not transition from the lower
state to the higher state before the M1 transistor switches
on. On the other hand with a load of 50 ohms, the design-
time ZVS circuit discharges the Csnub too slowly and the
circuit is in a non optimal energy efficiency state once again.
The real-time circuit always stays in the ZVS mode of opera-
tion with the various loads. Although, there is an overshoot
(refer to Section 4.2) for the real-time ZVS circuit, this does
not affect the energy usage of the power transistors.
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Figure 7: Design-time ZVS under loading of 5 ohms (a), 10 ohms (b), and 50 ohms (c) and real-time ZVS
with feedback loop under loading of 5 ohms (d), 10 ohms (e), and 50 ohms (f). (A) and (c) fails ZVS.

Overall, not having a proper ZVS control system will
cause problems in terms of power usage of the switch tran-
sistors. In terms of overall power efficiency of the circuit,
both ZVS operation and the actual magnitude of the current
through the load play significant roles. But our experiments
show that if the proper load current is used with real-time
ZVS, power efficiencies are greater than 90% consistently for
various loads.

6. CONCLUSION
In this paper, we have designed a novel PWM circuit that

can be used to provide a range of Vdd levels for a variety of
loads by two feedback loops. With the use of a inner feed-
back loop between the output and input of the power transis-
tors, we are able to ensure real-time zero voltage switching.
This enables the reduction of power consumed by these tran-
sistors and achieves power efficiencies over 90% for a variety
of loads. Also, an outer feedback loop is employed in the
PWM circuit to track the reference voltage level. We show
that this closed loop should be designed properly to ensure
that extra noise signals do not enter into the system to affect
the voltage ripple of the output. In particular, we introduce
a model that shows the relationship between output voltage
ripple and the speed of the voltage comparators. The work
would serve as a stepping stone for improving other DC/DC
converters and combining several converters to fulfill our
ultimate goal of creating a multi-Vdd field programmable
system-on-chip power architecture.
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