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This paper focus in the devolpment of a design method that allow to design high frequency
Bulk DC-DC converters to be used as replacement for LDOs. To prove the method’s effi-
ciency, it was designed a DC-DC converter, that uses an in-package inductor with 100nH that
put the converter’s switching frequency at 35MHz to achieve 100mA of output current and an
output voltage of 1V . The use of a small size non-overlap circuit combined with the inductors
low series resistance and the precise sizing of both power transistors and gate drivers allow to
achieve a maximum efficiency of 84%.

Introduction

In the last years, the reduction of consumers electronics’s
dimensions have boosted the demand for small and high-
efficiency power converters to increase peak available power
and extend battery life time for portable devices. With this
in mind the research has started to focus on high-efficiency
DC-DC converters capable to be totally integrated.

This project has as a target, the development of a method
to build high-efficiency DC-DC converters power stages, that
use in-package inductors, leading to the replacement of the
LDOs in use. This requires to quantify the power losses in
every device that builds the power stage with the purpose of
decreasing to the lowest. In order to accomplish that, it was
designed a buck DC-DC converter that is supplied with 3 volt
and has to generate an output voltage of 1 volt with a current
of 100mA.

In order to be able to develop a high efficiency, high fre-
quency DC-DC converter required for this project it was
mandatory to understand the work of this kind of devices
as well as the methods used to achieve the high-efficiency.
From the paper (Abedinpour, Bakkaloglu, & Kiaei, 2006) it
was seen a project that has a target output current in the same
order as the established for this project (200mA). That work
uses on-chip passives to achieve a switching frequency of
45MHz that allows the converter to had 64% of efficiency.
This project uses a fixed delay to generate the gap time be-
tween the transistor’s commutation that allows the converter
to commute at Zero Voltage Switching (ZVS) conditions.

Another solution to achieve high efficiency in this kind
of devices is presented in the papers (Guckenberger & Ko-
rnegay, 2003) and (Williams, Grabowski, Cowell, Darwish,
& Berwick, 1997). These projects explain the use of W-
switching to allow the DC-DC converters to have a high load
current range without losing the high efficiency. In order to
do that the converter is built using an array of small con-
verters, all connect to the same inductor and capacitor. The
power devices size and their gate drivers can be changed

to produce the lower power losses possible. These projects
support the idea of designing a converter with a low output
current, but with high efficiency, that could be repeated to
achieve higher currents without efficiency decrease.

Some of the most successful implementations of in-
package DC-DC converters were developed by Intel and
PowerSwipe Project.

The in-package DC-DC converters developed by Intel
were used as suppliers for the 4th generation processors and
can be found in (Burton et al., 2014) and (Schrom et al.,
2007), this type of converters uses a multiphase architec-
ture, together with in-package passives to achieve an effi-
ciency of near 90%. The implementation of in-package DC-
DC converters developed by PowerSwipe can be found in
(Mathuna et al., 2014) and (Neveu, Martin, Bevialcqua, Vo-
iron, & Bernard, 2016), and have been developed to be used
in the automotive industry. In this projects, it was presented
a method to allow the design of high efficiency integrated
DC-DC converters. Also in this project, all the main compo-
nents required to build a DC-DC converter were developed,
being chosen the micro magnetic inductor, that can be found
in (Wang, 2004). The converter designed was used to prove
of the concept of the design method.

This paper is divided into 5 sections, including in the sec-
ond one the complete method proposed, in the third one is
presented the design and power losses of the there main com-
ponents that together form the power stage. In the fourth
section is showed the simulations and results obtain from the
test of the circuit design and finally the last section reports
the conclusions obtained from this project.

Developed Method

The proposed method starts with the definition of the con-
verter’s general parameters. These values are the input and
the output voltage and current.

From the converter’s general parameters, it is possible to
define the value of duty-cycle (D) that convert the supplied
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voltage to the required output level, and chose the passives
(inductor and capacitor) which support the current defined
and that have the best relation between the used area and the
power dissipation.

After been chosen the passives, the design of the MOS-
FETs must be done. Both the PMOS and the NMOS transis-
tors must be designed starting from a theoretical approach,
where it will be obtained a value for the relation between
width and length near to the required to allow the maximum
current to flow through this device. The theoretical value
obtained previously will be used as a starting point to a first
simulation, which will be used to get the wright value for the
width over length ratio that supports the required current.

The width over length relations got from the first simula-
tions, will be used, for both the PMOS and NMOS, as the
initial value to a DC simulation, where it will obtain the re-
lation between the width over length value and the power
consumption inside each of the transistor.

At the same time as the power transistors are designed, the
non-overlap system is designed. This system will be used to
reduce the common conduction in the power transistor and
inside the last stage of both gate driver’s for the non-overlap
architecture. The non-overlap system design will be almost
independent of the converter’s parameters.

After the design of the non-overlap system, the power
transistor’s gate drivers must be designed. For the gate
driver’s design, two architectures, the regular and the non-
overlap, must be tested to find what will be the one with the
best relation between power consumption, required area and
complexity for the converter’s chosen parameters.

To conclude the converter’s design, all the chosen devices
must be assembled and simulated to get the converter’s
efficiency, and demonstrate its correct work.

Power Stage Design

The design starts by choose of the required inductance
value to the converter’s specifications. For this project it
is used an inductor with a value of 100nH designed by
Tyndall National Institute that can be found in (Feeney,
Duffy, & O’Mathuna, 2013) that allow to the converter’s
output current to be higher than 200mA (allows the current
to be 1.4A) that is the required to achieve the 100mA
outside the filter, and set a parasitic resistance of 68mΩ,
only requiring an area of 4.03mm2. From the maximum
current required it is possible to set the minimum size for
the transistors that have to support a current higher than the
maximum inductor’s current, and from the inductance value,
output current and voltage level and input voltage level it is
possible to calculate the switching frequency to enable the
converter work at continuous conduction mode, that in this
case is around 35MHz. As this converter intends to replace
the LDOs currently at use, it wasn’t designed the output

capacitor because will be used the one usually place in the
LDO’s output, that has a value close to the 10µF. The power
MOSFETs, them respective gate drivers and the non-overlap
control system was designed using umc 0.13um technology.

Non-Overlap control system

As the documents (Stratakos, 1998) (Mappus, 2003) and
(Lima, Santos, Barata, & Aguiar, 2007), one of the main
causes for power losses in buck DC-DC power converters is
generated by commutation between the transistors conduc-
tion to cut and the reverse. If this change is made simultane-
ously in both the PMOS and the NMOS the transistor that has
to change from conduction to cut can’t do that fast enough to
block the current that starts to flow from the transistor that
has to change from cut to conduction, connecting the supply
to the ground with high Joule power losses.

To solve that is designed a simple logical circuit, as
showed in 1, to guaranty that when the transistor that would
change from cut to conduction starts the change, the other
one already have achieved the cut state.

Figure 1. Circuit to control the change between conduction
and cut in both transistors.

This circuit uses the signal from the control unit and both
the signals that actuate the power MOSFETs gate (after pass
the gate drivers) to establish the delay between the change in
the two transistors. As could be seen in figure 1 the signal
that controls the PMOS power transistor just could be at high
(that match with the conduction of this MOSFET) when the
signal that came from the NMOS driver is already at low and
the control signal is high. In another way, the signal that
controls the NMOS gate driver just could have a high value
if the signal from the PMOS gate driver has the value of high
(that represents the transistors cut mode) and the control sig-
nal is low. This circuit set a gap between the moment where
the transistor that changes from conduction to cut starts this
process and the start of the one that changes from cut to con-
duction of near 400ps. That dead time allows reducing the
converter’s shoot-through because ensure that when the cur-
rent starts to flow from one transistor, the other one is already
at cut, this way there is no short circuit between supply and
ground.
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Power MOSFETs and Gate Drivers

To develop the power MOSFETs was made a first simula-
tion to obtain the values of Cox times µ for both the PMOS
and NMOS transistors. From this values, it is possible to
get a theoretical value for the width required to each power
transistor support the maximum current, being the theoreti-
cal results confirmed by simulation. From the theory and se-
quential simulation, it is possible to achieve the minimal size
required to enable the power transistor to support the maxi-
mum current that will flow from them. To the test converter,
the transistor’s have to have a width higher then 175µm for
PMOS and higher then 140µm for NMOS, both the transis-
tors have a length of 120nm.

After the obtainment of the transistor’s minimal width
value, it was made two other simulations. The first one a
DC simulations to obtain the relation between the transis-
tor’s width and them Joule power losses. The second one is
a set of transient simulations applied to both the PMOS and
the NMOS gate drivers to find the value of the width to each
one of the transistors for which the losses by Joule effect will
be equal to the ones created by the commutation in the gate
driver that point will be the point were the total losses will
be lower(the graphics of the relation between width and ca-
pacitor power losses and by Joule effect its placed in Figure
2). The gate driver circuit has been designed using an array
of four CMOS inverters where the last one will be 20 times
smaller than the power MOSFET that has to control, and all
the other inverters are 10 times smaller than the precursor.

Figure 2. Points for lower power dissipation for PMOS (up
image) and NMOS (down image).

It was also tested the hypotheses to use non-overlap gate
drivers, but when tested this theory doesn’t show the abil-
ity to compensate for the necessity to have more inverters
with the reduction of the shoot-through that take place in the

driver’s last stage.

Simulation and Results

Concluded the designed of both power transistors and
them respective gate drivers it was possible to obtain the
power stage schematic with the representation of the para-
sitic resistances, as can be seen in figure 3, where Rp is the
parasitic resistance of the PMOS and have a value around
161mΩ, Rn is the parasitic resistance of NMOS and have a
value of near 208mΩ, Rl is the inductor’s series resistance
with value 68mΩ.

To achieve power efficiency values closer to the real ones,
in the schematic used to simulate the power stage, it was
placed a capacitor with an ESR of 20mΩ. The ESR value
had been obtained from (Murata, 2018).

Figure 3. Power stage schematic with parasitic resistances.

From that results it is possible to know that this converter
will have a maximum possible efficiency of 92.32% with just
taking into account the Joule power losses in the power stage
and the commutation losses in the gate drivers.

To obtain the real device real efficiency, it was needed to
simulate all the devices together, to obtain the losses created
by the simultaneous changes created in each device by the
others. For that was done a simulation where all the compo-
nents were tested simultaneously. that way it is possible to
see the total power efficiency for this design.

The designed converter achieve an efficiency of 83.4% to
an output current of 97.7mA and a load resistance of 10Ω,
as could be seen by the simulation placed in the appendix A.
The near 20% of losses are divided by 3 main causes, the
biggest is the losses inside the power stage that correspond
to 65% of the total converters losses, next is the losses inside
the PMOS gate drivers with 23% and 11% in the NMOS gate
drivers. Finally, there is an almost insignificant power lost of
0.1% created by the non-overlap circuit. The graphic with
the relation between available power and power consump-
tion and the distribution of the power losses it is placed in
the figure 4 at left and right respectively.

In appendix B could be found the waveform for the inuc-
tor’s current, and can be seen the DC-DC converter working
at continuous conduction mode to a switching frequency of
35MHz and with a maximum current of near 200mA.

The converter power stage efficiency is highly dependent
on the output current to the same voltage level, having a max-
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Figure 4. Transient output voltage level.

imum efficiency of around 84% to a load current of 120mA
and decreasing until become near zero, as can be seen in fig-
ure 5.

Figure 5. Relation between power stage efficiency and the
output current.

Conclusions

This project presents a method to design Bulk DC-DC
converters using in-package passives to be used as a replace-
ment for the linear regulators, designing a converter to spe-
cific set of parameters. The developed design proves that use
in-package inductors allow setting converters that can use
a switching frequency small enough to minimize the com-
mutation losses inside the gate drivers, that have to control
power transistors with this sizes. The use of non-overlap
gate drivers will not bring an effective increase in power effi-
ciency, because of more than two-thirds of the power dissipa-
tion is caused inside the power stage, and the need to double
the three last stages in each driver require almost the same
energy as the one spends in the last stage shoot-through.

The non-overlap circuit developed to set a fix dead-time
before every commutation allows to significantly reduce the
losses caused by the power MOSFET’s shoot-through, al-
though that gap time will be different in much of the cycles
from the one that allows to have fewer losses, but the use of
a predictive method will require a much complex circuit that
will have much higher losses.

The converter designed is the proof that bulk DC-DC
converters using in-package passives can replace the linear
converters, allowing the devices where these converters will
be used to have much higher power efficiency, that will be
translated in to logger battery time.When compared with
the linear regulator’s, the Buck converter will achieve a
higher efficiency gain, as higher is the difference between
the supply and the output voltage. On another way, the
DC-DC converter requires a much complex control system,
a much larger area (that can not be tested for the developed
converter, because this value is obtained from the converter’s
layout) and generate an output voltage and current with
higher ripple, due to the continuous switching, that is not
present in the linear regulators.
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Appendix A

Figure 6. Transient output voltage level.

Appendix B

Figure 7. Inductor’s current in function of the duty-cycle for
steady state.


