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Abstract—In this paper, we introduce a merged two-stage dc-dc
power converter for low-voltage power delivery. By separating
the transformation and regulation function of a dc-dc power
converter into two stages, both large voltage transformation
and high control bandwidth can be achieved. We show how
the switched-capacitor stage can operate under soft charging
conditions by suitable control and integration (merging) of the
two stages. This mode of operation enables improved efficiency
and/or power density in the switched-capacitor stage. A 5-to-1V,
0.8 W integrated dc-dc converter has been developed in 180 nm
CMOS. The converter achieves a peak efficiency of 81%, with a
regulation stage switching frequency of 10 MHz.

I. INTRODUCTION

The continued downward scaling of the operating voltage
of CMOS circuitry has created a demand for dc-dc converters
with improved size and performance. There is a need for
dc-dc converters with the ability to deliver power at low
output voltage (< 2 V) with high bandwidth regulation, while
drawing power from a higher input voltage (5-12 V).

Switched-mode magnetics-based power converters (e.g, syn-
chronous buck, three-level buck converter [1]-[3]) operating
at low input voltages are able operate at very high switching
frequencies when fast low-voltage CMOS transistors are used.
The passive components (i.e. inductors and capacitors) can
thus be made very small, and the converter can regulate the
load at a high control bandwidth. At higher input voltages,
however, much lower switching frequencies (a few MHz and
below) are used, due to the need to use slow extended-
voltage transistors (on die) or discrete high-voltage transistors
(off die), resulting in large passive components. Here we
demonstrate for the first time an integrated power converter
realizing an architecture that bypasses these constraints.

II. ARCHITECTURE

Shown in Fig. 1 is a two-stage architecture that combines a
high efficiency switched-capacitor (SC) transformation stage
with a high-frequency regulation stage. The architecture, first
introduced in [4], achieves both large voltage step-down and
high bandwidth regulation across a wide output and input
voltage range. The architecture makes use of the transistors
typically available in a CMOS process: slow, moderate block-
ing voltage devices (e.g. thick gate oxide and/or extended drain
transistors) and fast, low-voltage transistors. The SC trans-
formation stage, employing slow-switching moderate voltage
devices and off-chip capacitors, can be designed for very high
power density and efficiency. The intermediate voltage, Vinreg,
can be made sufficiently low such that the regulation stage can
utilize low-voltage, fast-switching transistors that enable high
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Fig. 1. Block diagram illustrating the two-stage architecture, which enables

large voltage step down and high frequency operation on the same die.

switching frequency with correspondingly high bandwidth
regulation and small passive components. The separation of the
transformation (step-down) and regulation functionality of the
converter into two stages provides substantial advantage: the
architecture makes use of the inherent advantages of SC power
converters (high voltage step-down, high efficiency), while not
tasking it with regulation, which SC converters cannot do
efficiently. The regulation functionality is performed by the
low-voltage synchronous buck converter, and since that stage
operates at low voltage and transformation ratio, it can operate
at high frequency with small magnetics size.

A. Soft Charging

The architecture of Fig. 1 can provide yet another attrac-
tive benefit if designed and operated in a specific manner
(“merging” of the two stages). In this case, the regulation
stage can provide soft charging of the SC stage, a mode of
operation that provides increased efficiency and power density
of the SC converter as compared to conventional designs.
In a conventional SC power converter, the capacitor size
and switching frequency are constrained by the requirement
to keep the voltage ripple of the capacitors low to achieve
high efficiency [5]. This constraint restricts the designer of
SC power converters to either use large capacitors (with
corresponding low power density) or operate at a high switch-
ing frequency (with attendant increases in switching losses).
For a given switch and capacitor technology implementation,
conventional SC dc-dc converters are thus limited in terms of
their achievable power density and efficiency. Soft charging
operation, however, enables an increased capacitor ripple while
maintaining low-loss operation.

The circuits shown in Fig. 2 help illustrate the loss mech-
anism in SC dc-dc power converters, and the role that soft
charging can play to decrease power losses. Fig. 2a shows
an example of hard charging (sometimes also referred to as
impulse charging), which happens at each switching interval
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(a) Hard charging.

(b) Soft charging.

Fig. 2. Simplified circuits for illustrating capacitor charging in a switched
capacitor system. (a) Hard charging in a conventional SC system. (b) Soft
charging with energy recovery.

in conventional SC converters. The capacitor has an initial
voltage of Vo (t < 0) = Vg — AV, and the switch is closed at
time ¢t = 0. After a sufficiently long time, the capacitor voltage
will charge up to Vs. During the charging period, however,
%C(AV)2 of energy is dissipated as heat in the switch
resistance. It should be noted that this energy dissipation is
independent of the value of switch resistance, and cannot be
reduced by employing a switch with lower on-state resistance.
In order to reduce the power loss in conventional SC power
converters, one typically attempts to minimize AV, either
by using large capacitors or by operating at high switching
frequency. In doing so, the capacitors are not utilized well
from an energy storage perspective, as the ratio of energy
transferred in a cycle to energy stored in each capacitor is
kept low.

The circuit of Fig. 2b illustrates the soft charging concept.
In this circuit, a dc-dc converter is placed in series with the
voltage source and capacitor. The dc-dc converter is designed
to operate at a much higher switching frequency than the
SC stage, so that it appears as a constant power load. The
system is designed such that during charging, the majority of
the voltage difference between the capacitor and the voltage
source appears across the input of the dc-dc converter, instead
of the switch resistance, reducing the %C(AV)2 energy that
would be lost in the hard charging circuit. The important thing
to note is that a SC converter operating with soft charging is no
longer restricted to keep the capacitor voltage ripple small for
efficiency reasons, and can more effectively utilize the energy
stored on the capacitors (enabling reduced switching frequency
or capacitor size).

In the circuit of Fig. 1, the high frequency regulation
stage (a synchronous buck converter) provides soft charging
for the series-parallel SC transformation stage. When the
SC stage is configured to charge capacitors C; and Cy in
series (switches S closed), the capacitors are charged at a
rate determined by the power drawn from the regulating
stage, ensuring soft charging operation. When the SC stage
is configured to discharge C; and Cs in parallel (switches P
closed), the capacitor voltages appear directly across the input
terminal of the regulating stage, providing soft discharging of
the capacitors. It should be noted that the input capacitor of
the buck converter, Cjy, pyuck is considerably smaller than C4
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Fig. 3. Ideal waveforms illustrating the switched-capacitor control strategy
to maintain the SC stage output voltage below Vmax, thus enabling the use
of low-voltage devices in the regulation stage.
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Fig. 4. The control strategy of Fig 3 is implemented using dual comparators
and a flip-flop to keep state between series and parallel operation. The 5 V
power mosfets (shown in the schematic of Fig. 6) are driven by level-shifted
tapered gate drivers.

and C, as it serves only to filter the high frequency ripple of
the buck converter.

III. CONTROL

In this section, we present soft charging control techniques
suitable for implementation in a CMOS process.

A. Switched Capacitor Stage Control

Conventional SC power converters are often controlled with
a simple two-phase clock to alternate between two switch
configurations. The soft charging technique presented in this
work requires a more sophisticated control implementation to
ensure that the SC output voltage stays within a suitable range.
Fig. 3 shows a hysteretic control strategy that ensures that the
input voltage to the regulation stage is maintained below a
maximum value (Vyax). The value of V.. is chosen to be
below the maximum operating voltage of the (low-voltage)
transistors of the regulation stage.

Fig 4 shows the on-chip circuitry implementing the control
strategy of Fig. 3. The comparators and digital logic are
implemented with 2 V, 180 nm CMOS transistors, while the
tapered gate drivers use 5 V transistors.

B. Regulation Stage Control

While the SC stage operates with significant output voltage
ripple (as seen in Fig. 3), the frequency of this ripple is sub-
stantially lower than the control bandwidth of the regulation
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Fig. 5. Block diagram illustrating feed-forward control. The height of
the triangle waveform is proportional to the regulation stage input voltage
(Vunreg)~

TABLE I

CONVERTER SPECIFICATIONS
Input Voltage Range 45-5V
Output Voltage Range 1-1.3V
Output Power Range 0.3-0.8 W
SC Switching Frequency 2-100 kHz (load dependent)
Buck Switching Frequency 10 MHz
Peak Efficiency 81%

stage (this is possible because the switching frequency of
the regulation stage is many times higher than the switching
frequency of the SC stage). However, the transitions at the
switching intervals nevertheless present a problem to a regular
feedback controller, and the sharp edges can appear at the
output (audio susceptibility). In order to maintain the output
voltage steady despite the sharp voltage transitions at its input
terminals, the regulation stage employs feed-forward control,
as shown in Fig. 5. The feed-forward control is accomplished
by making the amplitude of the triangle wave reference propor-
tional to the buck converter input voltage (Vunmg). With this
method, any sharp edges in the input voltage will immediately
appear as an increased triangle amplitude at the input of the
comparator, which controls the PWM signal to the gate. The
overall feedback loop (controlled by the compensation network
of the error amplifier) can still be kept slow enough to ensure
stability. Meanwhile, the response of the feed-forward control
can be made very fast, and is only limited by the speed
of the transconductance amplifier which controls the triangle
waveform amplitude. The feed-forward circuitry of Fig 5 was
implemented on-die, using 180 nm core transistors and on-
chip capacitors and resistors for compensation networks, and
off-chip controllable bias currents to accommodate a wide
switching frequency range of the regulation stage.

IV. CMOS IMPLEMENTATION

The soft charging two-stage architecture of Fig 1 with the
control circuitry described in section 3 has been implemented
in a 180 nm CMOS process. Table I lists the specifications of
the converter.
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Fig. 6. Schematic drawing of switched-capacitor transformation stage. The
capacitors are off-chip, and the transistors are 5 V triple-well thick-oxide
devices available in the 180 nm CMOS process.
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Fig. 7. Die photograph of the converter implemented in 180 nm CMOS
technology. The total die area is 5x5 mm, although much of that area is not
used.

A schematic drawing of the SC transformation stage is
shown in Figure 6. The transistors in the SC stage are 5 V
isolated triple-well thick-oxide devices with extended drain
regions. The capacitors C; and Cy are 22 uF off-chip ceramic
(X5R) capacitors, and the transistor Mggartup 18 activated
during startup (by the on-chip control circuitry) to ensure that
the SC output voltage never rises above 2 V (the maximum
working voltage of the regulation stage transistors) by slowly
charging capacitors C; and C,. During regular operation,
Mstartup remains off.

Shown in Fig. 7 is an annotated die photo of the converter.
It can be seen that the majority of the die area is taken up
by the SC power transistors, as they are high voltage devices
switching at low frequency. It should be noted that the design
was not optimized for die area but was instead driven by the
required number of I/O pins for power delivery, control, and
testing. This resulted in a IC package size that was larger than
the required active die area of the converter.

The 10 MHz regulation stage switching frequency enables
the use of a very small output inductor (28 nH Coilcraft air-
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Fig. 8. Experimental waveforms showing converter operation. Note that the
input voltage is 4.5 V, and the output voltage is steady at 1 V, despite the
large voltage swings at the input of the buck converter (Vunreg).

core) and capacitors (2 and 4.7 pF for Ciy buck and Cout,buck,
respectively). As a comparison, a single-stage conventional
buck converter tasked with operating at an input voltage of 5 V
would not be able to operate at 10 MHz with low loss, owing to
the large parasitic losses associated with 5 V devices operated
at high frequency, and would therefore have significantly larger
passive components.

V. EXPERIMENTAL RESULTS

Shown in Fig. 8 are experimental waveforms of the con-
verter. The input voltage in this plot is 4.5 V, and the output
is regulated to 1 V. Note that despite the large voltage ripple
at the input of the regulation stage (Vunreg), the feed-forward
control maintains a steady output voltage.

Measured efficiency for for a few different output voltages
are shown in Fig. 9. The efficiency measurement includes all
power losses associated with the control circuitry, as well as
gating losses. The decrease in efficiency at low input power is
almost entirely due to the regulation stage, which was operated
at a fixed frequency (10 MHz) at all times. Efficiency at
low power levels can be increased with suitable light-load
control schemes such as pulse-frequency modulation (PFM),
if desired. The SC stage is inherently light-load efficient due
to the hysteretic controller, which automatically operates at a
lower switching frequency at low output power.

Table II shows an estimated breakdown of losses. A signif-
icant portion of the losses come from bond-wire resistance
and on-chip metallization resistance, owing to the package
used. There are well-known techniques to mitigate these losses
(e.g thick top layer metallization, flip-chip technology). It
is therefore expected that the overall converter efficiency
can be significantly improved through appropriate packaging
techniques.
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Fig. 9.
stage converter across output power range. All control and gate drive losses
are included in the efficiency measurement.
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TABLE II
ESTIMATED CONVERTER LOSS BREAKDOWN AT Poy,ut=0.8 W
Bond-wire conduction loss 60 mW
Transistor gating loss 45 mW
On-die metallization conduction loss 40 mW
Transistor conduction loss 11 mW
Inductor loss 5 mW
Control losses 2 mW

VI. CONCLUSION

An integrated 5-to-1 V merged two-stage converter has been

developed, which enables both large voltage step-down and
high frequency operation. Through appropriate control and
coupling between the transformation and regulation stages,
soft charging of the switched-capacitor stage is achieved.
On-chip control circuitry to enable this mode of operation
is presented, along with the power stage implementation.
Experimental results show good efficiency, as well as stable
operation over the entire input and output voltage range.

REFERENCES

[1] P. Hazucha, G. Schrom, J. Hahn, B. Bloechel, P. Hack, G. Dermer,
S. Narendra, D. Gardner, T. Karnik, V. De, and S. Borkar, “A 233-MHz
80%-87% efficient four-phase dc-dc converter utilizing air-core inductors
on package,” IEEE Journal of Solid-State Circuits, vol. 40, pp. 838-845,
April 2005.

[2] V. Yousefzadeh, E. Alarcon, and D. Maksimovic, “Three-level buck
converter for envelope tracking applications,” IEEE Transactions on
Power Electronics, vol. 21, pp. 549-552, March 2006.

[3] J. Sun, J.-Q. Lu, D. Giuliano, T. P. Chow, and R. J. Gutmann, “3D power
delivery for microprocessors and high-performance ASICs,” in Applied
Power Electronics Conference, pp. 127-133, Feb./March 2007.

[4] R. Pilawa-Podgurski, D. Giuliano, and D. Perreault, “Merged two-stage
power converter architecture with soft charging switched-capacitor energy
transfer,” in 39th IEEE Power Electronics Specialists Conference, 2008.

[5] M. D. Seeman and S. R. Sanders, “Analysis and optimization of switched-
capacitor dc—dc converters,” IEEE Transactions on Power Electronics,
vol. 23, no. 2, pp. 841-851, 2008.





