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Abstract—This paper introduces a novel power management ar-
chitecture (PMA) and its on-chip implementation, designed for
battery-powered portable applications. Compared to the con-
ventional two-stage PMA, consisting of a front-end inductive
converter followed by a set of point-of-load buck converters, the
presented PMA has drastically improved power density. The new
architecture, named multioutput switched-capacitor convertor–
differential-input buck (MSC–DB) convertor, is based on a novel
hybrid converter topology that combines a fixed ratio MSC and a
set of DB converters, to achieve low volume and high power process-
ing efficiency. The front-end switched-capacitor stage has a higher
power density than the conventionally used inductive converters.
The downstream DB converters enable tight output voltage regu-
lation, and allow for up to four times reduction of output filter in-
ductors without the need for increasing switching frequency, hence
limiting switching losses and improving the efficiency of the system.
Furthermore, the new PMA is able to balance the state-of-charge
of the input battery cells, a feature not existing in conventional sys-
tems. The PMA architecture is implemented both as a discrete pro-
totype and as an application-specific integrated circuit (IC) module.
The on-chip implemented architecture is fabricated in a standard
0.13-μm CMOS process and operates at 9.3-MHz switching fre-
quency. Experimental comparisons with a conventional two-cell
battery input architecture, providing 15 W of total power in three
different voltage outputs, demonstrate up to two times reduction
in the inductances of the downstream converter stages and more
than two times reduction in losses, equivalent to the improvement
of the power processing efficiency of a 12%. Moreover, the fabri-
cated IC module is copackaged with low-profile thin-film inductors
to demonstrate the effectiveness of the introduced architecture in
reducing the volume of PMAs for portable applications.

Index Terms—Digital controller, high frequency, low-power dc–
dc converters, low volume, power management integrated circuits,
switched capacitor (SC).

I. INTRODUCTION

IN modern battery-powered portable applications, such as cell
phones and laptop or tablet computers, power management

systems provide multiple voltage levels using many different
dc–dc converters [1]. These voltages are supplied to various
functional blocks, including digital processors, I/O interfaces,
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and memory devices. A conventional power management archi-
tecture (PMA) is shown in Fig. 1(a). It consists of a front-end
dc–dc converter, connected to the input voltage source (typi-
cally a battery pack) which creates a stable intermediate bus
voltage. A number of downstream switch-mode power supplies
(SMPS) and/or low-dropout linear regulators are connected to
the bus, and provide multiple output voltages meeting specific
steady state and dynamic voltage requirements [1]–[3]. In or-
der to minimize the power losses of this two-stage conversion
process, both stages are required to be very efficient.

One of the main drawbacks of the conventional PMAs is
their size. In numerous portable devices, PMAs are among the
largest contributors to the overall size and weight of the en-
tire device [4], [5] and large consumers of printed circuit board
space. This is primarily due to the bulky and costly reactive
components of the SMPS output filters, where the inductors are
the largest and heaviest components of the filters [6]. Due to
the strict limitation of available space, these architectures are
commonly implemented using integrated circuits (IC), known
as power management ICs (PMICs). There, the semiconductor
switches, along with gate drivers, controller, and sensing cir-
cuitries are packaged on a silicon die. However, bulky inductors
and capacitors often cannot be integrated on a chip or copack-
aged with PMICs [7], [8]. As a result, the overall volume of
the existing PMAs is still dominated by the output filter reac-
tive components, with inductors taking up the majority of the
reactive components’ volume.

To achieve ever increasing demand for reducing the volume
of power management systems for battery-powered portable
electronics, commonly the switching frequencies have been in-
creased, up to several hundred megahertz [9], allowing smaller
filter size. However, a higher switching frequency comes with
a penalty of increased switching [10] and magnetic [11] losses,
which negatively affects the battery life of portable devices.
Furthermore, the reduced efficiency combined with a smaller
converter volume increases heat density, creating a bottleneck
for further miniaturization of PMAs. The increased heat density
can result in the overheating of the entire device or introduce
the requirement for an additional cooling system, completely
nullifying the obtained volume and weight savings.

Switched-capacitor (SC) voltage converters are proposed in
numerous publications, as an alternative solution to meet the
strict volume requirement of the modern portable devices [6],
[12], [13]. As these converters do not require bulky inductors,
they can be implemented in a significantly smaller volume and
can possibly be integrated on ICs [12], [13]. Furthermore, SC
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Fig. 1. (a) Conventional two-stage PMA. (b) Two-stage PMA with SC front-
end. (c) MSC-DB PMA.

converters show very high efficiency for fixed input-to-output
voltage ratios [12]–[14]. However, SC converters suffer from
several practical challenges when considered for portable appli-
cations, including sharp efficiency drops when operating away
from their ideal conversion ratio [14]–[16] and inadequate dy-
namic regulation [17], [18] to satisfy the demand of modern
processors.

A combined SC voltage divider and inductor-based architec-
ture was proposed in [4] to minimize the volume of the power
management system. In that architecture, two inductors are con-
nected to intermediate nodes of a SC voltage divider to provide
three separate output voltages of 3/4th, 1/2nd, and 1/4th of the in-
put voltage. The architecture shown there reduces the volume of

the filtering inductors and is very effective in fixed input volt-
age applications, i.e., where the input is provided from a tightly
regulated voltage source. However, the output voltages are cor-
related, due to their fixed input-to-output voltage ratios, and
hence, cannot be controlled independently. In portable appli-
cations that architecture does not provide a complete solution
without introducing an additional front-end stage since the bat-
tery voltage varies as the state-of-charge (SOC) changes.

To provide tight output voltage regulation under the input volt-
age variations in [19] and [20], two-stage compact and power
efficient solutions are presented [see Fig. 1(b)]. In these solu-
tions, a SC fixed-ratio front-end stage performs a large portion
of voltage conversion at the peak efficiency, and provides a
bus voltage that is loosely regulated. The inductor-based down-
stream stage then provides final regulation, while connected to
this bus and dealing with small conversion ratio. This reduces the
voltage swing at the switching node of the inductor-based stage,
relaxing the requirement of the filter inductor, while improving
the efficiency at the same time, due to lower input-to-output
voltage conversion ratio [10], [21]. However, for applications
where multiple regulated output voltages are required, this con-
cept still results in relatively large voltage swings for a number
of the downstream stages, since the bus voltage reduction is
limited by the output of the downstream buck producing the
highest output voltage.

Hybrid converters merging SC and inductor-based topolo-
gies are proposed in [22]–[33]. These topologies, while shar-
ing semiconductor components, reduce component count com-
pared to two-stage solutions. These include multilevel buck and
boost type converters introduced by Meynard et al. [22], [23],
mainly for high power applications. In [24]–[28], merged SC
and inductor-based topologies are presented for low power ap-
plications. Moreover, in PFC applications boost-based merged
converters are presented in several publications [29]–[33]. In
most cases, these hybrid topologies are designed for single-
output applications.

In this paper, the concept of combined SC and inductor-based
power processing is extended where the architectures of both
front-end and downstream stages are completely redesigned to
obtain further improvements in both size reduction and power
processing efficiency. In this case, differential buck (DB) con-
verters are utilized to achieve smaller volume and better effi-
ciency than the conventional bucks, and a single multioutput SC
(MSC) converter provides the input taps for the DB.

In the introduced architecture, named the MSC-DB and
shown in Fig. 1(c), the front-end converter is replaced with
a MSC stage, and instead of operating at the full bus voltage,
the downstream converters are supplied by differential output
taps, operating as DB converters. In this case, DB converters are
utilized to achieve smaller volume and better efficiency than the
conventional bucks.

This arrangement is new and not previously used in the tar-
geted power management applications. It will be shown that
seemingly minor differences between the conventional buck
and the DB result in drastic improvements of the topology, both
in terms of the volume reduction and power processing effi-
ciency. This arrangement results in drastic minimization of the
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inductors of the downstream stages, through larger reductions
of the voltage swings (compared to, conventional, SC followed
by a buck solutions) at switching nodes and in further efficiency
improvements through reduction of switching losses. Moreover,
the new PMA incorporates battery-cell balancing [34], usually
not present in conventional systems, allowing for extension of
battery operating times. The introduced cell balancing feature
also improves power processing efficiency of the MSC stage. An
additional advantage of this architecture is that, unlike conven-
tional two-stage solutions, it can be implemented with a fairly
simple single controller regulating operation of both power con-
version stages.

This paper is organized as follows. In Section II, the principle
of operation is explained. Section III describes the practical im-
plementation of a digital and a mixed-signal controller for the
introduced PMA. Section IV shows a simple implementation of
the battery-cell balancing feature that further improves power
processing efficiency. Section V describes experimental proto-
types and results verifying advantages of the introduced PMA.
Both discrete and IC implementation, which has been packaged
with low-profile on-chip integrated inductors, are shown. The
final Section VI draws the conclusions.

II. PRINCIPLE OF OPERATION

The MSC-DB PMA introduced in this paper [see Fig. 1(c)]
combines a MSC with a set of modified DB converters [35].
The front-end MSC stage operates with a fixed conversion ratio
at the peak power processing efficiency. The downstream DB
converters providing tight regulation are connected across the
individual output capacitors of the MSC stage to minimize the
voltages across the converters’ components, resulting in volume
and loss reductions. In the following sections, advantages of this
design over the conventional solutions are further elaborated
and more details on the principle of operation of MSC-DB
architecture are provided, followed by a comparison with the
conventional solution.

A. Multioutput Fixed Ratio SC Converter

The MSC front-end stage shown in Fig. 2 replaces the
inductor-based converter of the conventional solution [see
Fig. 1(a)], increasing the power density of the front-end part
of the converter. SC converters can be significantly more cost
and area effective compared to their inductive counterparts [6],
due to several reasons. First, in contrast to the conventional buck
or a boost converter, which requires a bulky inductor, the SC
dc–dc converter requires only capacitors. In the applications of
interest, inductors are much larger than capacitors for the same
energy and power handling capability. According to [6], the
capacitors have up to three orders of magnitude higher energy
density for all practical frequencies of interest, allowing SC
converters to have higher power density without sacrificing ef-
ficiency. The significantly lower energy density of the inductors
makes them much more difficult to integrate than capacitors,
due to area and associated cost constraints of the IC processes.
Also, more recent development of advanced implementation
technique of on-chip capacitor, such as trench technology, is

Fig. 2. Front-end MSC stage.

further improving the performance of SC converters [36]. This
means that the MSC front-end stage not only improves power
density, but also opens a possibility for a full-on chip imple-
mentation in the future, without introducing any additional cost,
area, and/or efficiency penalty, compared to conventional buck
converters. More importantly, as shown in the following sec-
tion, the MSC stage contributes to a drastic improvement in the
power density of the downstream stages.

In the 2-output MSC [37, Fig. 2], six switches (SW1−6) and
two flying capacitors (Cs1,2 ) are utilized to provide a 1/3rd of the
battery pack voltage, Vbatt across each of the three intermediate
capacitors (Cmid1−3). This stage is a modified version of the
well-known single-output SC voltage divider [19]. Compared
to the single-output topology, this MSC stage has two addi-
tional switches and an extra shuttling capacitor to accommodate
multiple outputs.

To maintain a constant Vbatt/3 voltage across all intermedi-
ate capacitors, the shuttling capacitors redistribute the charge
difference through a two-phase switching sequence. In phase
1 (labeled with dashed lines Φ1 in Fig. 2), SW1 , SW3 , and
SW5 are turned ON to connect shuttling capacitors Cs1 and
Cs2 across Cmid1 and Cmid2 , respectively. Similarly in phase 2
(marked with solid line Φ2 in Fig. 2) Cs1 and Cs2 are connected
across Cmid2 and Cmid3 , respectively, through SW2 , SW4 , and
SW6 . In order to maintain high conversion efficiency, the MSC
operates with equal duty ratios of 50% for both the phases [37].

It is important to mention here that, even though the MSC
converter has a larger number of switches than the conventional
buck, the smaller volt–ampere (V–A) product of these switches
[38] yields a lower conduction and switching losses. This is
due to the fact that the SC switches block only a portion of the
input voltages. Also, most switches carry a significantly smaller
current than those of the conventional buck converter.
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Fig. 3. DB downstream stages.

B. Modified Downstream Buck Converters

One of the main problems of SC converters operating in a
closed loop is that they demonstrate significant efficiency degra-
dation when the input voltage varies [14]. The transient response
of SC circuits is also inferior compared to conventional SMPS
alternatives [18], making them unsuitable for applications where
strict voltage regulation and transient response requirements
need to be met. The front-end MSC stage of the introduced ar-
chitecture shares the same drawbacks. For that reason, it is not
required to provide regulation of the output tap voltages, in case
of input battery voltage variations. As the battery-cell voltages
vary, the intermediate voltages also vary, maintaining the desired
fixed input-to-output ratios and peak efficiency. In the targeted
applications, this change is slow and fairly constrained, due to
the limited variation exhibited by the battery pack voltage, im-
posed by inside-the-pack integrated protection preventing full
discharge [39]. To compensate for the battery’s SOC-dependent
voltage variations, the MSC stage is connected to a string of
modified buck converters providing regulated output voltages,
as shown in Fig. 3.

Each of these downstream buck converters is based on the
dual-input, i.e., DB converters, originally introduced in [35]
for higher power ac–dc and dc–dc applications. In those ap-
plications a dual-input buck converter provides a single-output
voltage from two input voltages provided by a flyback con-
verter. It was shown that the DB results in a drastic reduction
of the output filter inductance value and minimization of the
switching losses, significantly improving conversion efficiency.
Furthermore, as explained in [35], dual-input converter reduces
voltage stress across the transistors and can be controlled utiliz-
ing conventional control techniques.

In the architecture introduced in this paper, the concept of
dual-input buck is extended to multiple regulated outputs, while
maintaining all the aforementioned advantages. Also, the bulky
dual-output flyback converter, earlier used to provide two input

voltages, is replaced with low-volume and high-efficiency fixed-
ratio MSC stage, as described in the previous section.

In MSC-DB, the inductors are drastically minimized through
reduction of their voltage swings. The voltage-swing-based re-
duction principle and the size of reduction can be described
through the following analysis, based on the constant current
ripple criteria. The current ripple ΔiL and duty ratio D equa-
tions for a general single inductor-based converter in continuous
conduction mode are

ΔiL =
VL on · D
2 · L · fsw

=
VL off · (1 − D)

2 · L · fsw
(1)

D =
VL off

VL on + VL off
(2)

where L is the inductance value, fsw is the switching frequency,
while VL on and VL off are the voltages across the inductor
during on and off states of the main switch, respectively. Sub-
stituting (2) into (1) gives

ΔiL =
1

2 · L · fsw
·
(

VL on · VL off

VL on + VL off

)
. (3)

In the conventional buck converter VL on = (Vin − Vout) and
VL off = Vout , where Vin and Vout are the input and output volt-
ages of the converter, respectively. As a result, by manipulating
(3), the expression for the inductor value of a conventional buck
can be written as

Lbuck =
1

2 · ΔiL · fsw
.

(
(Vin − Vout) · Vout

Vin

)
. (4)

The most common approach to minimize the inductor value,
while maintaining the same current ripple, is to increase the
switching frequency [21]. However, this approach results in
increased switching losses [40], and, therefore, poses a fun-
damental limit on the inductor size reduction. In the modified
buck converters of Fig. 3, the inductors are reduced by minimiz-
ing VL on and VL off values of (1). This is achieved by setting
the two possible switching node (vx of Fig. 3) voltage values
Vhigh and Vlow to be slightly larger and slightly smaller than the
desired converter output voltage, respectively.

The resulting reduction of the inductor values can be found
by comparing their expressions. For the DB, (or for a 2-input
buck converter), the equation for its inductance value can be
found from (3) and written as

L2−input =
1

2.ΔiL .fsw
.

(
(Vhigh − Vout).(Vout − Vlow )

Vhigh − Vlow

)
.

(5)
By dividing (5) by (4), we get

L2−input

Lbuck
=

(Vhigh − Vout).(Vout − Vlow )
(Vhigh − Vlow )

.
Vin

(Vin − Vout).Vout
(6)

which can be simplified to

L2−input

Lbuck
=

(
1 − Vo u t

Vh ig h

)
(
1 − Vo u t

V in

) ·

(
1 − V l ow

Vo u t

)
(
1 − V l ow

Vh ig h

) . (7)
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Fig. 4. Triple-output MSC-based power management module.

This equation proves that the DB has a smaller inductor, since
Vhigh ≤ Vin and Vout ≤ Vhigh , considering both parts of (7)

(
1 − Vo u t

Vh ig h

)
(
1 − Vo u t

V in

) ≤ 1 and

(
1 − V l ow

Vo u t

)
(
1 − V l ow

Vh ig h

) ≤ 1 (8)

and even more importantly, gives analytical expression for the
reduction in the inductance value. In the following section, this
equation is used to quantitatively determine the reductions in the
output filter inductors in a standard power management system
of interest.

C. Comparison With a Conventional Architecture

In this section, a comparison between MSC-DB and the con-
ventional PMA is provided. Typical PMA for portable appli-
cations is considered in this case, where two series-connected
standard 3.3-V lithium-ion cells (whose voltage varies between
2.7 and 3.6 V [41], [42]) are used. The standard output voltages
are 1 V for the digital processors, 3.3 V for analog components,
and 5 V for USB ports and other peripherals. Applications for
such architectures include tablet computers and a number of
other mobile devices. Fig. 4 shows the complete architecture,
including MSC stage and differentially connected downstream
buck converters, as well as the types of transistors used for this
implementation. One key point to note here is that, although
the downstream buck converters are connected differentially in
MSC-DB architecture, all three outputs are referred to the same
ground, which is also the ground of the MSC stage. In order to
compare the advantages of MSC-DB, the conventional system
of Fig. 1(a) is considered. The conventional system operates
under the same conditions, where a front-end bus converter [43]
provides a well-regulated 5-V intermediate bus voltage over the
entire range of the battery pack voltage variations.

Equation (7) is used to calculate the normalized inductance
values of MSC-DB with respect to the conventional architecture.
For the differential buck DB2 , providing 3.3 V output in Fig. 4,
the normalized value for the inductor (L2) is plotted on a 3-D
surface, shown in Fig. 5. In this plot, Vhigh and Vlow of the
DB2 converter is represented by x- and y-axis, respectively, and
z-axis shows the normalized value of inductance L2 (see Fig. 4).

Fig. 5. Normalized value of the inductance for the differentially connected
3.3-V buck converter of the MSC-DB PDA.

Vin and Vout in (7) are 5 and 3.3 V, respectively, since in the
conventional architecture, the buck providing 3.3 V operates
from the 5 V bus. The results are shown for the sweep of Vlow
from 0 (corresponding to the conventional buck) to 3.3 V (its
maximum value), while similarly, Vhigh ranges from 3.3 to 5 V,
and the range of voltage variations for a realistic system is
labeled with points B and C in the diagram.

The diagram shows that the MSC-DB architecture allows
for a drastic reduction of the inductance value, while operating
at the same switching frequency and under the same ripple
requirement. This is demonstrated by points A, B, and C in
Fig. 5. Point A corresponds to the conventional topology, where
5-V bus voltage results in the normalized value of inductance
to be 1, as the plot is normalized with respect to this particular
operating condition. Depending the battery SOC Vhigh of 2-
input DB2 , i.e., the high value of the node vx2(t) in Fig. 4, can
vary between 4.8 and 3.6 V (2/3rd of Vbatt) and its Vlow value
can vary between 2.4 and 1.8 V (1/3rd of Vbatt). These two
extreme operating points are labeled as B and C in the diagram.
The line joining these two points shows the range of inductance
reduction for 2-input DB2 providing 3.3 V output, depending
on battery SOC. As shown by point B, which is the worst-case
operating condition, MSC-DB has about a 50% smaller inductor
for the buck providing 3.3 V output.

Similarly, in order to compare the inductance values of the
bottom downstream buck, i.e., DB3 of Fig. 4, to that of the
conventional system, (7) can be used again. However, since in
this case Vlow = 0 V (ground), (7) can be simplified as

L3

Lbuck
=

(
1 − Vo u t

Vh ig h

)
(
1 − Vo u t

V in

) . (9)

As a result of this simplification, for DB3 providing 1 V
output, the normalized inductor value can be shown on a 2-
D graph (see Fig. 6), where x- and y-axis represent Vhigh and
normalized value of inductance L3 , respectively.

For the system under the consideration Vin and Vout in (9) are
5 and 1 V, respectively, as in the conventional architecture of
Fig. 1(a), 1-V buck operates from a 5-V bus. Again, we can see
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Fig. 6. Normalized value of the inductance for 1-V buck converter.

that the MSC-DB allows a significant reduction of inductance,
while operating at the same switching frequency and under the
same ripple requirement.

The quantitative reduction is demonstrated by points D, E,
and F of Fig. 6. Here, the point D represents conventional topol-
ogy having the normalized value of inductance 1. Like in the
previous case, two extreme values of reduction in L3 , depending
on the battery SOC, are labeled with points E and F. As shown
by point E, the worst-case condition, results in more than a 27%
reduction of the inductance value.

1) Comparison of 5 V outputs: In comparison with the con-
ventional architecture of Fig. 1(a), where the front-end dc–dc
converter provides a fixed 5-V bus voltage, the front-end MSC
stage of the MSC-DB PMA does not provide a regulated 5 V
supply. As a result, in order to provide power to the periph-
eral loads, such as USB, differentially connected buck (DB1)
is used (see Fig. 4). As it will be shown here, the inductor of
this additional 2-input converter is much smaller than that of the
front-stage of the conventional architecture.

Comparison of the front-end buck converter of the conven-
tional architecture and the differential buck DB1 , both providing
5 V, is similar to the previous 1 V output case. Since for this
case, Vhigh = Vin = Vbatt , (7) becomes

L1

Lbuck
=

(
1 − V l ow

Vo u t

)
(
1 − V l ow

Vh ig h

) . (10)

Using the analysis shown in previous cases, it can be calcu-
lated that for 5 V output, the required inductance of the MSC-
DB is about 64% smaller. However, the actual reduction of the
inductor is even bigger, since the 5-V MSC-DB buck (DB1)
processes only a small portion of the power compared to that of
the conventional front-end stage. By taking into account both
(10) and the fact that the volume of an inductor is proportional
to the energy it stores, i.e., 0.5 LI2, inductor volume reduction
in DB1 can be calculated. For a 7.4 V input, this inductor reduc-
tion is proportional to approximately 0.36(Iload/Ibus)2 , where
Ibus and Iload are nominal bus and load currents, respectively,
for the system of Fig. 1(a). Since, the current requirement of
peripherals, such as USB, is only small portion (10%–20%) of
the total load current [44], the size of this inductor is practically

TABLE I
INDUCTOR VOLUME AND SWITCHING LOSS REDUCTIONS

V sw n o rm Ln o rm P sw n o rm fsw n o rm

Differential buck, DB2 (3.3 V) 0.44 0.50 0.44 1
Differential buck, DB3 (1 V) 0.44 0.73 0.44 1
Differential buck, DB2 (incr. fsw ) 0.44 0.25 0.88 2
Differential buck, DB3 (incr. fsw ) 0.44 0.27 0.88 2

negligible compared to that of the front-end inductor in the con-
ventional topology. Furthermore, this comparison assumes the
same switching frequencies and current ripples. However, since
the 5-V downstream stage of the MSC processes less power, it
can potentially operate at a higher switching frequency, allowing
for an even larger volume reduction [21].

2) Comparison of Switching Losses: As shown by (1) to
(10) and previous graphs, MSC-DB can achieve significant re-
ductions of inductor volumes, without increasing the switching
frequency. This is achieved due to drastic reductions of volt-
age swings at the switching nodes of the DB converters. The
reduced voltage swing not only allows for the use of smaller
inductance value but also drastically reduces switching losses.
As a consequence, further reduction of the inductance values,
by operating at higher switching frequencies, while still main-
taining improved efficiency is possible. The following section
takes the switching losses into account and demonstrates further
volume reduction, through an analysis of the system of interest.

As shown in Fig. 4 when operating from a 6.6 V nominal in-
put, the DB converters of MSC-DB have voltage swings of 2.2 V
at the switching nodes. This reduced voltage swings translates
into much lower blocking voltages for the downstream buck
switches, when compared to conventional architecture. Since,
the switching losses are proportional to the blocking voltages
of the switches [21], [45], the MSC-DB buck converters have
much smaller switching losses. This reduction allows a signif-
icant increase in the switching frequency, while maintaining
equal or better efficiency, as demonstrated in Table I. The table
shows normalized values of the switching node (vx1−3) volt-
age swings vsw norm , inductances Lnorm , as well as calculated
values of semiconductors switching losses Psw norm for the im-
plemented topology of Fig. 4. All the normalized values are
shown with respect to their equivalents in a conventional topol-
ogy of Fig. 1(a). The calculations of the losses are performed
using well-known analysis, described in [10], [21] and [45] un-
der the previously described nominal operating conditions. The
results of this analysis match the obtained experimental results
demonstrated later.

Table I shows that for the same switching frequency not only
are the inductors reduced by 50% and 27% in energy storage re-
quirements relative to the conventional buck topology, but also
that this reduction is accompanied with drastic reductions in
switching losses. The losses are reduced up to a 44% of the
conventional value [21], [45]. Furthermore, the table also shows
that, if operating at twice the switching frequencies, the MSC-
based architecture can achieve more than three times reduction
in inductor volume, while maintaining lower switching losses
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Fig. 7. Load-dependent variation of MSC stage providing 2/3rd of the input
voltage.

than the conventional counterpart. The results of this analysis
confirming significant improvements in power density, i.e., re-
duction of volume and simultaneous efficiency improvements
are later confirmed with experimental results, shown in Section
V of this paper.

3) Load-Dependent Efficiency and Voltage Regulation of SC
Stage: The stacked up configuration of the MSC front-end con-
verter has inherent load-dependent efficiency and voltage reg-
ulation properties. This is due to the shuttling capacitors-based
charge balancing mechanism. As shown in Fig. 2, the shuttling
capacitor Cs1 travels between the top and middle intermedi-
ate capacitors (Cmid1 and Cmid2), where as the other shuttling
capacitor Cs2 travels back and forth between the middle and
bottom intermediate capacitors (Cmid2 and Cmid3). By doing
this, Cs1 balances the voltage across Cmid1 and Cmid2 , while
Cs2 balances the voltage of Cmid2 and Cmid3 [24], [37]. As a
result, the bottom downstream buck converter, DB3 (see Fig. 3)
connected to Cmid3 , encounters more energy shuffling losses,
compared to the middle or top downstream bucks. Furthermore,
in the case of imbalanced loads, where one downstream DB con-
verter provides significantly higher output power compared to
others, the shuttling capacitors demonstrates additional charg-
ing and discharging losses, affecting overall efficiency. This
load-dependent variation of the MSC stage providing 2/3rd and
1/3rd of the input voltage is demonstrated in Figs. 7 and 8,
respectively.

Similarly, the output voltages of the MSC stage, i.e., interme-
diate capacitor voltages, may deviate slightly from their ideal
values (2/3rd and 1/3rd of input voltage in this case), depending
on the load currents in the downstream buck stages, affecting
steady state and dynamic regulations. However, since the regula-
tion of the final output voltages are provided by the downstream
DB stages, it is not required to provide regulation of the inter-
mediate tap voltages.

As far as dynamic response goes, previous publications
[46]–[48] show that, by utilizing mixed-signal control, the
transient response of the downstream stages can be practi-

Fig. 8. Load-dependent variation of MSC stage providing 1/3rd of the input
voltage.

cally pushed to the theoretical limits of a given buck-based
power stage, by incorporating either time-optimal [46], [47]
or minimum-deviation-based [48] control techniques. Further-
more, the current-programmed mode (CPM)-based optimum
response technique introduced in [47] provides a solution for
possible cross-regulation problems (addressed in the following
section) due to inherent low audio susceptibility [21].

In order to address load-dependent efficiency variations of
the MSC front-end stage, Section IV of this paper presents
an effective solution by introducing a small inductor Lbal be-
tween the battery cells and intermediate node of the shuttling
capacitor, which also provides inherent battery-cell balanc-
ing. Experimental results supporting effectiveness of the in-
troduced efficiency-improvement solution are demonstrated in
Section V.

4) Comparison With a Possible Multioutput Multilevel
Converter-Based Implementation: It is also worth noting that
a 3-output architecture with the same functionality could po-
tentially be implemented with several multilevel converters. A
simple comparison with a possible implementation consisting
of three 3-level buck converters directly connected to the bat-
tery pack shows that an implementation with the same number
of switching components is possible. However, the resulting
topology would result in large inductive components, due to a
large voltage swings across inductors, equal to a one half of
the input voltage, and would require large voltage ratings of the
transistors.

Furthermore, for flying-capacitor-based topologies [22], [23],
[25], such implementation would require a significantly more
complex control scheme, due to a need for the independent
control of three flying capacitor voltages and elimination of
switching transient overshoots related problems at zero-ripple
points [28]. Still, a full analytical comparison of the introduced
MSC-DB topology (and its modifications) and possible imple-
mentations with multioutput multilevel converters for a higher
number of levels (more than 3-levels) could be an interesting
topic for the future research.
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Fig. 9. Digital controller implementation for output voltage regulations.

III. CONTROLLERS

As described earlier, an advantage of MSC-DB compared
to previous solutions, shown in Fig. 1(a) and (b), is that the
control of the entire system is performed with a single-
centralized controller. This section describes control require-
ments for MSC-DB architecture, addresses output voltage
regulation challenges, such as cross regulation, and shows two
control solutions for the same. Controllers based on digital
voltage-mode pulse width modulation and mixed-signal CPM
methods are presented. The two different implementations are
shown to demonstrate that the introduced architecture can be
implemented both for applications where the voltage mode con-
trol is preferable, due to the lower cost of implementation [49],
and for the application where CPM providing inherent current
protection is almost exclusively used [50].

A. Digital Voltage-Mode Pulse Width Modulation Controller

A block diagram of the voltage-mode pulse-width modulation
controller is shown in Fig. 9. This controller architecture is sim-
ilar to the well-known digital controller architectures discussed
in numerous publications [51]–[54] and has been modified to
extend it for three different output voltages. All three output
voltages are referred to the same ground, and since the volt-
age levels are different, three different attenuators H1−3 are
utilized to provide appropriate voltage levels for a three-input
analog-to-digital converter (ADC1). In this case, an ADC with
three separate conversion channels was utilized. Alternatively,
a single-channel ADC can also be used with a front-end analog
multiplexer to time share the ADC [55] among the three outputs.
The digital equivalents of the PMA output voltages are then sub-
tracted from their respective references and the corresponding

errors e[n] are obtained. The PID compensator modules cre-
ate control signals for a multiinput multioutput (MIMO) digital
pulse width modulator (DPWM), which provides the gating
signals for the transistors of the downstream converter stages
(SW7−12). In this case, the MIMO DPWM is a simplified ver-
sion of the architecture described in [52]. This controller allows
independent control of three different output voltages and, as
shown in previous art [51]–[54], requires fairly simple hardware
for implementation, much simpler than that of the conventional
structures requiring multiple controllers.

The controller also provides signals to the front-end MSC
circuit, such that fixed conversion ratios of a 2/3rd and 1/3rd are
maintained across the intermediate capacitors, Cmid2 and Cmid1 ,
respectively. Since the voltages across the intermediate nodes
do not need to have a tight regulation, MSC stage operates in
open loop with a 50% duty ratio, achieving peak efficiency [37].

1) Cross-Regulation Suppression: In conventional converter
architectures, this voltage-mode controller is able to effectively
compensate for load variation due to transients [21], [52], and
input voltage variation due to SOC of the battery, which is slow
in nature [41]. However, in the MSC-DB architecture, it cannot
achieve this without modification. Any high frequency pertur-
bation in the intermediate capacitors, i.e., in outputs of the MSC
stage, would propagate to the outputs. This is mainly because
the voltage mode control is susceptible to high-frequency input
voltage perturbations [8], [21]. In the introduced architecture,
this drawback of the voltage mode control could potentially cre-
ate undesired cross coupling between the output voltages. It can
be seen that this problem exists due to the stacked-up interme-
diate capacitor configuration of the front-end SC stage. Since
the 2-input buck stages are connected across the intermediate
capacitors, load transients at the output of one of them can create
perturbation in the stacked capacitors, affecting the outputs of
the other downstream stages.

To minimize this problem, the cross-regulation suppression
module of Fig. 10 is incorporated. Here, a feedforward-based
approach [56], [57] is utilized, where ADC2 is used to acquire
information about the intermediate capacitor voltages. When
there is a significant perturbation in the intermediate capacitors,
due to load transients, the cross-regulation suppression module
adjusts the instantaneous duty ratio values, provided by the PID
compensators, such that the cross-regulation problem is min-
imized. The effectiveness of the cross-regulation suppression
module is shown in Section V-B of this paper.

B. Mixed-Signal Peak CPM Control

CPM control has better audio susceptibility [58], [59] than
the voltage-mode systems, and, thus, inherently provides a bet-
ter suppression of intermediate voltage perturbation, without the
need for an additional cross-regulation suppression module and
associated sensing of the intermediate voltages. This is demon-
strated through simulation results of Figs. 11 and 12, where 1-A
load transients at the 1 V output are compared between voltage
mode and CPM controls to investigate the cross regulation issue
(results for transients at other outputs are demonstrated in the ex-
perimental section of this paper). It can be seen that the voltage
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Fig. 10. Digital controller implementation with cross-regulation suppression
module.

Fig. 11. Cross regulation issue for voltage mode control.

mode control (see Fig. 11) is more affected by cross-regulation
effects, compared to the CPM control of Fig. 12. Although in
both cases, the intermediate capacitor voltages drift after the
transient, due to a drastically lower audio susceptibility in the
CPM control [8], the cross-regulation-related problems are al-
most completely suppressed. For that reason, a mixed-signal

Fig. 12. Cross-regulation suppression with CPM control.

Fig. 13. Mixed-signal CPM control implementation with IC.

CPM controller is also developed and implemented on a chip,
as discussed in the integrated implementation of the introduced
topology in Section V. This CPM control has additional ad-
vantages over its voltage mode counterparts, such as inherent
overcurrent protection and online efficiency optimization [8].

A block diagram of MSC-DB with the developed mixed-
signal CPM controller [8] is shown in Fig. 13. The con-
troller has identical structure to the one shown in [8]. Digitally
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Fig. 14. Practical implementation of cell balancing and MSC efficiency im-
provement with Lbal .

implemented voltage-loop compensators produce digital current
references ics [n], which are then passed through a digital-to-
analog converter (DAC) and compared with outputs of sense-
FETs, to create triggering signals for SR latches. A SR latch
and dead time generator block are then used to generate con-
stant frequency pulse width modulated gating signals for the
switches.

IV. CELL BALANCING AND MSC EFFICIENCY IMPROVEMENTS

THROUGH BIDIRECTIONAL ENERGY TRANSFER

In a wide range of portable applications, utilizing multiple
battery cells, such as laptops, ultrabooks, tablet computers, cell
balancing is a highly desirable feature. It extends battery run
time, as well as battery lifetime [60], by providing equal dis-
charge of battery cells [61]–[63]. However, such a feature is
rarely implemented in the targeted applications, mainly due to
the need for dedicated power converters [34], that could signif-
icantly increase the volume, price, and weight of the portable
devices.

In the introduced topology, the cell balancing can easily be
incorporated, by adding a single small inductor Lbal and a sim-
ple control circuit, as shown in Fig. 14. Here, the balancing
scheme based on maintaining the same voltage across battery
cells [64]–[66] is applied. Furthermore, the incorporated induc-
tor further improves power processing efficiency of the MSC
stage, by improving balancing of the flying capacitor voltages
under large differences of the output loads.

A. Balanced Discharge of Battery Cells Using Lbal

As discussed in Section II, the MSC stage is operated in the
open loop, with phases Φ1 and Φ2 having equal durations over

a switching period. As a result, during regular operation, the
voltage across the right side of the cell balancing inductor of
Fig. 14, vxb(t), i.e., its switching node, ideally switches between
2/3Vbatt and 1/3Vbatt with a 50% phase duration. Therefore,
in steady state, the resulting average voltage across the switch-
ing node, and, consequently, i.e., the voltage across the bottom
battery cell, will be 1/2Vbatt , where again, Vbatt is the voltage
of the two-cell battery pack. This means that, ideally, during
the normal operation of the MSC stage, the battery cells are
balanced.

However, due to mismatches in the battery cells, parasitic
and losses in the system, 50% duty ratio might not result in an
ideal balancing of the cells. To compensate these mismatches, an
additional control loop is implemented around the SC circuit, as
shown in Fig. 14. If a cell imbalance is observed, the duty ratio
of SC phases is slightly varied from the regular 50%, without
significantly affecting the intermediate capacitor voltages. This
is possible as a tight regulation of the intermediate nodes is not
required for proper system operation.

The controller for balancing is implemented as shown in
Fig. 14. The ADC3 provides information regarding the battery-
cell voltages (voltage of the battery pack and voltage of the
bottom cell) and divide-by-2 block, which is essentially a 1-bit
right shift operator, gives the average of the two battery-cells
voltages. This voltage is then compared with the Cell2 voltage.
The obtained error is then passed to the PI compensator, which
creates control signal for the DPWM. Accordingly the DPWM
adjusts the duration of the gating signal phases for SW1−6 and
provides battery-cell balancing.

B. Efficiency Improvement of the MSC Stage due to Lbal

In addition to the cells balancing, the inductor Lbal further
improves power processing efficiency of the MSC stage un-
der large differences in the output loads, which were addressed
in Section II-C3. The inductor provides a bidirectional energy
transfer path between the battery cells and intermediate capaci-
tors, through the operation of the flying capacitors.

As mentioned before, in the event of unbalanced loads, the in-
termediate capacitors, and, hence, the shuttling capacitors might
show charge imbalance resulting in voltages difference from the
ideal Vbatt/3 value, and, therefore, a reduction in power pro-
cessing efficiency [37]. In the presence of Lbal , this imbalance
is minimized as the bidirectional energy transfer allows equal
charge in the shuttling capacitors to be maintained, while bal-
ancing battery cells.

Furthermore, in the absence of Lbal , the energy to the output
of buck3 is transferred to Cmid3 via Cs1 and Cs2 , whereas Lbal
creates a direct path from the battery cell to Cmid3 through Cs2 .
This creates a lower resistance path for energy transfer between
the battery cells and the bottom intermediate capacitor, Cmid3 ,
further improving power processing efficiency of the front-end
MSC stage. Efficiency improvement in the presence of Lbal is
demonstrated in Section V-B of this paper.

It should be noted that the provided energy transfer paths in
this case is adiabatic, i.e., provides a connection between capac-
itors and battery cells through the balancing inductor, ideally
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resulting in zero switching losses, unlike the conduction paths
of SC converters. For the SC stages, even when ideal switch-
ing components are used, the switching losses are proportional
to the square of the difference in the voltages of the switching
nodes, i.e., to the energy change [16] of a capacitor caused by
the switching action. Efficiency improvement in the presence of
Lbal is demonstrated in Section V-B of this paper.

It is also important to note that the presented efficiency im-
provement and cell balancing concept, based on the introduction
of a small inductor and control of the cell voltages, could poten-
tially be used in other MSC topologies suffering from similar
load-dependent efficiency problems.

This additional cell balancing inductor Lbal is quite small, due
to three main reasons. First, it processes only differential power,
which is a small portion of the overall converter power. Second,
its switching node vxb(t) has a relatively small voltage swing of
only 50% of the battery voltage Vbatt . Third, unlike downstream
buck converters providing output voltage regulation, Lbal does
not need to meet any specific ripple requirement, allowing its
value to be further reduced.

V. DISCRETE VOLTAGE-MODE IMPLEMENTATION, CPM IC
IMPLEMENTATION, AND EXPERIMENTAL RESULTS

In order to practically verify proper functionality of MSC-
DB and its effectiveness in reducing the inductors volume while
improving efficiency, discrete and IC-based experimental proto-
types were built and tested. The discrete prototype implements
the voltage-mode controlled architecture of Fig. 14. Custom-
made-integrated power modules [67] were used for on-chip im-
plementation of the mixed-signal CPM architecture of Fig. 13.
Furthermore, the IC implemented prototype was copackaged
with on chip inductors [68], demonstrating ability of this ar-
chitecture to drastically reduce the overall volume of power
management systems in the targeted portable applications. The
two different implementations are shown to demonstrate that
the introduced architecture can be implemented both for appli-
cations where the voltage mode control is preferable, due to
the lower cost of implementation [49], and for the application
where the CPM providing inherent current protection is almost
exclusively used [50].

The following sections describe experimental prototypes for
both the discrete and IC-based implementations of MSC-DB
and show experimental results. Discrete implementation results
are compared with the prototype of the conventional architec-
ture of Fig. 1(a), which was built with the hardware identical to
that used to implement the MSC-DB. After experimental verifi-
cation and comparisons of the discrete prototypes, results from
the integrated implementation along with CPM controller are
presented.

A. Discrete Implementation

The power stage of the system shown in Fig. 14 was devel-
oped with discrete transistors, gate drivers, and passive compo-
nents. Dual n-channel power MOSFETs from Vishay Siliconix
(Si4204DY) are used for the power stages. Gate drivers were
Microchip MCP1404, which provides dual high-speed outputs

Fig. 15. Inductor currents and switching node voltages of the conventional
and MSC-DB 2-input downstream stage for 3.3 V output. Ch2: switching node,
vx2 (5 V/div); and Ch3: inductor current (250 mA/div).

from a single package. The intermediate capacitors were 20 μF
each, where the shuttling capacitors were 4.7 μF each. The in-
ductors were from Coilcraft 2.2 μH.

The controller was implemented using an FPGA-based de-
velopment board [69] and off-shelf analog-to-digital converters
(Analog Devices AD9281 8-bit Dual). As shown in the figure,
three stacked buck converters are connected differentially across
the intermediate capacitor string. The MSC stage provides the
intermediate node voltages of the capacitive string. For two
3.3 V Li-ion battery cells, these voltages are approximately 6.6,
4.4, and 2.2 V. The MSC stage operates at a fixed switching
frequency of 500 kHz, while the downstream stages, provid-
ing 5 V/3 W, 3.3 V/9 W, and 1 V/ 3 W, respectively, switch
at 1 MHz. The cell balancing inductor, Lbal , whose value is
500 nH, provides equal discharge of both battery cells, while
improving efficiency of the MSC stage.

As mentioned earlier, the compensator and the DPWM ar-
chitectures are identical to those used in the universal digital
controller architecture, details of which are shown in [53].

B. Experimental Results

Figs. 15 and 16 show comparisons of the inductor currents
and switching node voltages of the discrete prototypes of the
conventional and MSC-based DB downstream stages when pro-
viding 3.3 and 1 at their outputs, respectively. As mentioned in
Section II, the conventional buck has a 5 V input and the input
of the DB in this case is 2.2 V. For demonstration purposes, the
inductors of both configurations are selected to be the same. The
results demonstrate lower switching node voltage swing, and,
consequently, about a 50% lower inductor current ripple for the
3.3-V 2-input buck of the MSC-DB architecture (see Fig. 15),
allowing for the same percentage of inductor volume reduction,
while maintaining the same current ripple. For the 1 V output,
this reduction is about 30% as shown in Fig. 16.

1) System Efficiency: Fig. 17 shows measured efficiency
comparison of the conventional and 2-input downstream buck
converters, providing 1 V output over a 250 mA to 3-A load
variation. For the conventional case, the buck converter operates
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Fig. 16. Inductor currents and switching node voltages of the conventional
and MSC-DB 2-input downstream stage for 1 V output. Ch2: switching node,
vx3 (5 V/div); and Ch3: inductor current (250 mA/div).

Fig. 17. Efficiency comparisons of MSC-DB 2-input buck architecture and
the conventional downstream converter.

from a 5-V bus voltage, whereas in the introduced topology, it
operates from the 2.2-V intermediate capacitor voltage. The re-
sults confirm up to 53% reduction in total losses, improving the
overall efficiency by 12% at lighter loads, where the switch-
ing losses are dominant, as well as a noticeable improvement
throughout the entire operating range. For portable applications,
this improvement is quite important and extends the battery life
significantly, as portable devices spend a large portion of their
on-time in sleep or idle mode [70].

Figs. 18 and 19 show efficiency improvement of the MSC
stage due to the introduced cell balancing inductor, Lbal for
2/3rd and 1/3rd Vin , respectively.

Fig. 20 shows the measured efficiency of MSC front-stage
alone and combined two-stage MSC-DB for 1 V output. The
MSC stage shows above 90% efficiency for 0.25- to 3-A out-
put current. Typical commercially available power management
solutions [71], [72] show about 90% peak efficiency for both
front-end and downstream PMIC stages, resulting in about 81%

Fig. 18. Efficiency improvement of MSC stage due to Lbal for 2/3rd Vin .

Fig. 19. Efficiency improvement of MSC stage due to Lbal for 1/3rd Vin .

Fig. 20. Measured efficiency of MSC front-stage alone and combined MSC-
DB, from battery source to 1 V output.
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Fig. 21. Cross regulation between output voltages. Actual load steps are
marked in red dotted circles (LS_1 to LS_3). Ch1: buck3 output voltage, Vout3
(200 mV/div); Ch2: buck2 output voltage, Vout2 (500 mV/div); and Ch3: buck1
output voltage, Vout1 (500 mV/div).

Fig. 22. Significant suppression of cross regulation, during light-to-heavy load
transient. Ch1: load step signal; Ch2: buck1 output voltage, Vout1 (100 mV/div);
Ch3: buck2 output voltage, Vout2 (100 mV/div); and Ch4: buck3 output voltage,
Vout3 (100 mV/div).

combined peak efficiency. As shown in Fig. 20, a relatively flat
efficiency curve of the MSC stage is the key for overall high
system efficiency. Furthermore, having very high light load ef-
ficiency, makes this solution attractive to portable applications,
as it extends the battery life of the portable devices that spend a
large portion of their on-time in sleep-mode [70].

The results from Figs. 15–20 confirm that the MSC-DB archi-
tecture results in large reductions of both the inductor volume
and conversion losses, and, therefore, has higher power density
than the conventional solutions.

2) Minimizing Cross Regulation Between Outputs: As dis-
cussed in the controller implementation section of this paper,
the stacked configuration of the intermediate capacitor network
inherently imposes cross-regulation problems. This is shown
in Fig. 21, where load transients in any of the output voltages
results in subtransient responses in other two outputs. In Fig. 21,

Fig. 23. Significant suppression of cross regulation, during heavy-to-light load
transient. Ch1: load step signal; Ch2: buck2 output voltage, Vout2 (100 mV/div);
Ch3: buck1 output voltage, Vout1 (100 mV/div); and Ch4: buck3 output voltage,
Vout3 (100 mV/div).

Fig. 24. Performing battery cell balancing, while regulating the output volt-
age. Ch1: buck3 output voltage, Vout3 (200 mV/div); Ch2: bottom battery cell
voltage (1 V/div); Ch3: top battery cell voltage (1 V/div); and Ch4: current of
the cell balancing inductor, Lbal (1 A/div).

the actual load transients are marked with red circles, and sub-
transients can be noticed in the other outputs during those times.

The digital controller with cross-regulation suppression block
of Fig. 10, reduces the effects of the cross regulation by utiliz-
ing a feedforward architecture. When the centralized controller
detects a transient in one of the buck output voltages, it utilizes
the feedforward information to adjust the duty ratios of the other
two buck stages to minimize their subtransients. The effective-
ness of the cross-regulation suppression control action during
a light-to-heavy and heavy-to-light transients at 1 V output are
shown in Figs. 22 and 23, respectively. The proposed solution
allows limiting the subtransient responses to 20 mV deviation.

3) Cell Balancing Using Lbal: Fig. 24 demonstrates how
the battery-cell balancing described in Section IV is performed,
while regulating the output voltages, for the case when the top
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Fig. 25. Layout of PMIC-BB.

Fig. 26. Block diagram of the PMIC-BB module.

cell has a larger SOC than the bottom one. To show the effect
over a relatively short period, two 5-F ultracapacitors, having
much smaller capacity than conventional battery cells, are used.
An initial large mismatch (∼1 V) between the capacitors was
created to demonstrate the effectiveness of the cell balancing
feature. It can be seen that by changing the SC duty ratio from
its 50% nominal value, the initial imbalance between Vbatt1 and
Vbatt2 is effectively eliminated. Fig. 24 also shows how, for the
used experimental setup, the output voltage is perturbed during

Fig. 27. IC-based implementation of the MSC-DB architecture utilizing
PMIC-BB integrated BBs.

this operation. The output voltage disturbance is mostly caused
by a significantly faster action of the balancing circuit and a
larger initial voltage difference between the two cells compared
to the realistic case. To visualize ability of the balancing circuit
through an oscilloscope screen capture, the speed of the con-
troller and the unbalance are set to be by an order of magnitude
larger than they would be in a realistic case of balancing [60]–
[63]. In practice, a slowly varying control action can be utilized
to achieve a smoother cell balancing without output perturba-
tion. Furthermore, such a large initial mismatch (∼1 V) would
not occur during the normal steady-state system operation, and,
hence, in reality, the balancing would be performed practically
without creating any disturbance at the outputs. To utilize this
method and topology in other applications where faster bal-
ancing is required (for example involving ultracapacitor storage
elements), an additional feedforward element for suppression of
the effect of balancing on the output voltage could be considered.

C. IC-Based Implementation

The IC-based implementation of the MSC-DB is created us-
ing the PMIC building blocks (PMIC-BBs). The PMIC-BB,
whose detailed structure is described in [67], is a flexible
application-specific IC, which allows creation of various con-
verter topologies, through simple parallel and/or series connec-
tions of multiple identical blocks. The layout of the IC is shown
in Fig. 25. A simplified block diagram of the PMIC-BB is given
in Fig. 26, and the connection of three BBs forming the pre-
sented MSC-DB is shown in Fig. 27.

As shown in Fig. 26, PMIC-BB block consists of two separate
modules for SC and DB, each having a high-side PMOS and
a low-side NMOS switches and their associated gate drivers.
Each of these four power switches is segmented [8], i.e., built
from multiple parallel modules, allowing online efficiency op-
timization. This is achieved by turning on/off portions of the
power stages to tradeoff gate charge versus on-resistance of the
switches, as shown in [8]. In addition to the power stages, PMIC-
BB also includes main circuits for CPM control compatibility,
as shown earlier in Fig. 13. These include a senseFET for sens-
ing high-side switch current, a DAC with a slope compensator, a
comparator with blanking time, an SR latch, and programmable
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dead time generator modules. Details of implementation are
described in [67].

The symmetry of the MSC-DB allows its construction
through the utilization of the BBs of Fig. 26 (PMIC-BB). From
Fig. 27, it can be seen that the MSC-DB contains three identical
four-transistor modules, and, therefore, can be created with three
BBs. In this case, two power transistors of each PMIC-BB are
used for the MSC stage and the other two as the transistors for
the corresponding 2-input buck. By connecting three modules as
shown here the structure of Fig. 13 is created. In this prototype,
the analog current loops, consisting of senseFET of the indi-
vidual DB converter, are implemented with on-chip PMIC-BB
components and slower digital voltage loops are implemented
with external FPGA to allow flexibility in designing different
types of control laws. The DACs for setting the reference for the
individual current loops are also incorporated in the PMIC-BB
modules. The fixed duty ratio signals for open-loop operating
SC part of the architecture are provided from the FPGA.

The on-chip implementation of the current loops enables the
buck converter stages to operate at switching frequencies up to
10 MHz, while the MSC is operating at 580 kHz. The high-
frequency operation of the DB combined with the reduced in-
ductance requirement of the introduced PMA result in a drastic
reduction of the inductors compared to the conventional solu-
tions. As it was shown in Table I of Section II, operating at the
same switching frequency, MSC-DB allows up to 50% reduc-
tion in inductances. Furthermore, as the switching frequency
increases this reduction become even larger [21]. Hence, the IC
implementation of the MSC-DB, operating at 10-MHz switch-
ing frequency, drastically reduces inductance requirements, to
the range of subhundred nanohenry (nH), where on-chip imple-
mented inductors can be utilized. This opens the possibility for
even larger level of integration through copackaging inductors
with PMIC-BB, as shown in the following section.

1) Copackaging With Power Inductors: As previously men-
tioned, the MSC-DB architecture allows potential integration
of PMICs with on-chip inductors. Recent advance in on-chip
inductors for power electronics has resulted in the inductors
that can handle sufficient amounts of current needed for the
targeted applications [68]. However, the achievable maximum
inductance values and efficiency-related limitations when oper-
ating at switching frequencies beyond 10 MHz still prevent their
wider use in the conventional PMA [68]. The PMA architecture
introduced here reduces the inductance value requirement with-
out the need for significant increase in switching frequency, po-
tentially allowing full on-chip integration of the inductors with
the other PMA modules. To demonstrate this possibility, two
PMIC-BBs were copackaged with power inductors [68] and a
two-output version of MSC-DB, shown in Fig. 28, was formed.
In this architecture input voltage Vin is selected to be 3 V, and
the front-end SC stage provides Vin/2 = 1.5 V across each of
the two intermediate capacitors (Cmid1 and Cmid2). Two DB
converters provide output voltages, Vout1 = 2.5 V, Vout2 = 1 V.
High-efficiency low-profile 100-nH on-chip inductors [68] were
placed on top of the PMIC-BB modules, as shown in Fig. 29, and
packaged together. Fig. 29 demonstrates that MSC-DB increases
level of on-chip implementation capability creating a possibility

Fig. 28. Experimental test bench schematic for the integrated implementation,
utilizing two custom made PMIC-BB in stacked-up configuration.

for full on-chip integration of inductors together with the PMIC
in the near future.

D. Integrated Implementation With Custom Made
IC (PMIC-BB)

The IC-based solution of MSC-DB, implemented by PMIC-
BBs as shown in Fig. 28, is fabricated in a standard 0.13-μm
CMOS technology. Figs. 30–34 show experimental waveforms
for two-chip version of MSC-DB, shown in Fig. 28, where the
SC power stages are operating at 580 kHz and buck power
stages at 9.3-MHz switching frequencies. In this case, on-chip
inductors of 100 nH are used.

Fig. 30 shows the operation of the MSC stage, consisting of
two PMIC-BBs providing half the input voltage at the inter-
mediate node Vmid . As the input voltage, Vin is selected to be
3 V in this case, Vmid shows 1.5 V steady output. Furthermore,
voltage swings at the switching nodes for the bottom and top
PMIC-BBs are 0 to 1.5 V and 1.5 to 3 V, respectively.

Fig. 31 shows steady-state operation of the MSC stage and
both downstream 2-input buck stages (see Fig. 28). Again, the
MSC stage operates at 580-kHz switching frequency, while buck
stages operate at 9.3 MHz. Both PMIC-BBs operate with 1.5-V
voltage swings at the switching nodes, half of the input voltage
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Fig. 29. Copackaging of PMIC-BBs with on-chip power inductors.

Fig. 30. Steady-state operation of the MSC stage at 580 kHz. Ch1: switching
node of top PMIC SC stage, vx top (2 V/div), Ch2: switching node of bottom
PMIC SC stage, vx bottom (2 V/div), Ch3: input voltage, Vin (1 V/div), and
Ch4: intermediate voltage, Vm id (1 V/div).

Fig. 31. Steady-state operation of both MSC and 2-input buck stages; Ch1:
SC switching node (top chip), Vx top (2 V/div); Ch2: Buck switching node
(bottom chip), Vx2 (1 V/div); Ch3: SC switching node (bottom chip), Vx bottom
(2 V/div); and Ch4: Buck switching node (top chip), Vx1 (1 V/div).

Fig. 32. Steady state operation of the MSC stage at 580 kHz and bottom
DB stage at 9.3 MHz. Ch1: switching node of top PMIC SC stage, vx bottom
(2 V/div), Ch2: switching node of bottom PMIC buck stage, vx1 (1 V/div), Ch3:
switching node of top PMIC SC stage, vx top (2 V/div), Ch4: inductor current
of the bottom DB stage, iL 2 (100 mA/div).

Vin . As shown in this figure, although the power stages for MSC
stage and 2-input buck operate with two different frequencies,
the voltage swing of a 1/2Vin , i.e., 1.5 V, is maintained at both
of them.

Fig. 32 shows the steady-state operation of the MSC stage
and the bottom DB converter, providing output Vout2 , while
operating from intermediate voltage Vmid (see Fig. 28). This
buck converter also operates at 9.3 MHz with 1.5-V voltage
swing at the switching node vx1 . As shown in this figure, the
reduced voltage swing of MSC-DB results in smaller than 100-
mA ripple current, utilizing a very small 100-nH inductor.

Fig. 33 shows inductor current and switching node waveforms
for both 2-input converters operating in steady state. The current
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Fig. 33. Steady state operation showing both switching nodes and cur-
rent waveforms for DB converters; Ch1: Inductor current (top chip), iL 1
(100 mA/div); Ch2: DB2 switching node (bottom chip), vx2 (1 V/div); Ch3:
Inductor current (bottom chip), iL 2 (100 mA/div); and Ch4: DB1 switching
node (top chip), vx1 (1 V/div).

Fig. 34. Closed-loop CPM controller waveforms from MSC-DB implemen-
tation utilizing PMIC-BBs; Ch1: Inductor current, iL 2 (50 mA/div); Ch2:
switching node, vx2 (1 V/div); Ch3: DAC output with slope compensator
(500 mV/div); and Ch4: senseFET output (500 mV/div).

ripple for both stages is again limited to 100 mA and 100 nH
on-chip inductors are utilized.

Fig. 34 shows experimental results for the closed-loop mixed-
signal CPM controller [8]. Here, to allow flexibility in pro-
totyping, the digital parts of the controller (compensator and
error generator) are implemented with an FPGA development
board. As shown in [52] hardware-efficient IC implementation
of those blocks has become straightforward and is quite feasible.
SenseFET output resembles the inductor current during high-
side switch conduction. The DAC output with adequate slope
compensation shows a stable steady-stage operation for duty
ratio higher than 50%. As shown by the switching node, vx2
waveform in Fig. 34. It can be seen that when the senseFET
output reaches DAC output, the SR latch (see Fig. 26) resets at
that time instant confirming functionality of the controller.

The obtained experimental results with on-chip integrated
components give a strong indication that the presented MSC-
DB architecture, in the near future, could allow full on chip
implementation of the entire power management modules.
Therefore, it could result in a drastic reduction of the overall
size and volume of the power management systems in portable
application, allowing for further miniaturization of upcoming
portable devices.

VI. CONCLUSION

A novel high-density PMA for battery-powered mobile ap-
plications combining MSC and DB converters is introduced.
In comparison with the conventional PMA, the architecture that
was named MSC-DB has drastically smaller (and lighter) output
inductors, which, in the targeted applications, are the bulkiest
components of the power management systems and significant
contributors to the overall device size and weight. Also, the
new PMA has higher power processing efficiency and unlike
conventional systems can be regulated with a single controller.

To achieve reduced inductor volume and improved efficiency,
the front-end buck converter stage, existing in conventional sys-
tems, is replaced with an inductor-less MSC converter and the
downstream stages are realized as 2-input DB converters. The
MSC stage creates multiple voltage inputs for the downstream
stages, while operating with fixed conversion ratios, i.e., in open
loop, at the peak power processing efficiency. The DB stages that
are connected across the MSC taps provide tight output voltage
regulation and, due to reduced voltage swings compared to con-
ventional buck converters, have drastically reduced inductors
and switching losses.

Furthermore, by adding a small inductor to the MSC-DB ar-
chitecture, a battery-cell balancing feature, not existent in con-
ventional systems, is introduced allowing for significant exten-
sion of battery-operating time in mobile devices.

The introduction of the balancing inductor and complemen-
tary battery-cell voltage regulation scheme also minimizes the
problem of the front-end stage, related to the efficiency drop
under nonequal loading of the output taps. The presented so-
lution could potentially be used to improve power processing
efficiency not only of the front-end stage of the introduced ar-
chitecture but also of the other battery-pack supplied MSC con-
verters suffering from the same problem. The small inductor
provides adiabatic bidirectional energy transfer that improves
voltage sharing across the flying capacitors, ideally, without in-
troducing additional switching losses that are imminent for pure
SC solutions.

Both voltage-mode and CPM-based controllers for the PMA
are presented and a practical solution for suppressing cross-
regulation issue, which is inherent in voltage-mode-controlled
stacked capacitor architecture, is presented. A practical imple-
mentation of the controller part for cell balancing feature is also
incorporated.

The advantages of MSC-DB architecture are experimentally
verified through both discrete and IC-based implementations.
Experimental results obtained with the prototypes demonstrate
that compared to conventional buck downstream stages, the
inductors of MSC-DB have up to two times smaller inductors,



4322 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 6, JUNE 2016

and that the efficiency of the converters is improved by
up to 12%, due to reduced switching losses. Both of these
confirm drastic improvements in both power density and power
processing efficiency.

Furthermore, for IC-based implementation, on-chip inductors
are copackaged with the other parts of PMA, to demonstrate that
a drastic reduction in the inductor volume allows a higher level
of integration, opening a possibility for complete on-chip system
on of PMAs in a near future.
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quency scaling digital controller for improving efficiency of battery pow-
ered dc-dc converters,” in Proc. Appl. Power Electron. Conf. Expo., 2011,
pp. 910–915.

[41] H. A.-H. Hussein and I. Batarseh, “State-of-charge estimation for a single
lithium battery cell using extended Kalman filter,” in Proc. IEEE Power
Energy Soc. Gen. Meet., 2011, pp. 1–5.



AHSANUZZAMAN et al.: INTEGRATED HIGH-DENSITY POWER MANAGEMENT SOLUTION FOR PORTABLE APPLICATIONS BASED 4323

[42] C. Kallfab, C. Hoch, A. Hilger, and I. Manke, “Short-circuit and over-
charge behaviour of some lithium ion batteries,” in Proc. Int. Multi-Conf.
Syst., Signals Devices, 2012, pp. 1–5.

[43] Texas Instruments. (2015). Power Management Guide. [Online].
Available: http://www.ti.com/lit/sg/slvt145p/slvt145p.pdf

[44] A. Mahesri and V. Vardhan, “Power consumption breakdown on a modern
laptop,” in Proc. Int. Conf. Power-Aware Comp. Syst., 2004, pp. 165–180.

[45] B. J. Baliga, Fundamentals of Power Semiconductor Devices. New York,
NY, USA: Springer, 2008.

[46] V. Yousefzadeh, A. Babazadeh, B. Ramachandran, E. Alarcon, L. Pao, and
D. Maksimovic, “Proximate time-optimal digital control for synchronous
buck dc–dc converters,” IEEE Trans. Power Electron., vol. 23, no. 4,
pp. 2018–2026, Jul. 2008.
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