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The Road to Fully Integrated DC-DC Conversion via
the Switched-Capacitor Approach

Seth R. Sanders, Fellow, IEEE, Elad Alon, Senior Member, IEEE, Hanh-Phuc Le, Student Member, IEEE,
Michael D. Seeman, Member, IEEE, Mervin John, and Vincent W. Ng, Member, IEEE

Abstract—This paper provides a perspective on progress to-
ward realization of efficient, fully integrated dc—dc conversion
and regulation functionality in CMOS platforms. In providing a
comparative assessment between the inductor-based and switched-
capacitor approaches, the presentation reviews the salient features
in effectiveness in utilization of switch technology and in use and
implementation of passives. The analytical conclusions point to-
ward the strong advantages of the switched-capacitor (SC) ap-
proach with respect to both switch utilization and much higher
energy densities of capacitors versus inductors. The analysis is
substantiated with a review of recently developed and published
integrated dc—dc converters of both the inductor-based and SC

types.

Index Terms—Charge-pump, high power density, power supply
on chip, switched-capacitor (SC) dc—dc converters.

I. INTRODUCTION

HE demand for integrated power conversion, regulation,
T and management functions has progressed along with ad-
vances in computing, communicating, and other integrated cir-
cuit technologies. Nevertheless, efficient integrated power con-
version is now at its infancy in relation to the maturing devel-
opment of the system-on-chip (SOC) functions that would be
best served by such converters. Since present day multicore pro-
cessors dissipate power in the range of 1 W/mm?, and would
also ideally utilize many independently controlled voltage rails,
a target benchmark is an integrated dc—dc conversion and reg-
ulation design that 1) handles about 10 W/mm? !; 2) steps
down from a conveniently chosen voltage above typical CMOS
core operating voltages; 3) provides high efficiency over a wide
load and voltage range; 4) provides tight regulation; and 5)
is highly scalable for granular implementation. Although there
are now promising paths toward this set of goals, with both
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110 W/mm? is a good target for utilization of additional active silicon area
since passives like magnetics and/or MIM capacitors can possibly be imple-
mented above existing active circuitry.

inductor-based and switched-capacitor (SC) dc—dc conversion
methodologies, the path ahead remains very challenging.

This paper provides an overview of the key technological
considerations needed to make a comparative analysis between
the potential for full or near-full integration of SC and inductor-
based dc—dc converters. As a side note, it is worth noting that
linear regulation (e.g., the low-drop-out (LDO) regulator [20])
is a mature technology that mostly meets the aforementioned
objectives, except for the impossibility of achieving high effi-
ciency across a wide range of conversion ratios. By full integra-
tion, we refer to an implementation using a production CMOS
process, and by “near full integration,” we refer to either the
use of nonstandard CMOS process steps or the use of a limited
number of off-chip components. Common examples of “near-
full integration” are CMOS processes augmented with backend
magnetic and thick metal conductor layers, or augmented with
high-density deep-trench capacitors.

The traditional inductor-based buck converter has been the
default design for most switched-mode voltage regulators for
decades, as it has dominated the moderate- to high-power
(>100 mW) applications. However, the buck converter requires
either a technologically intensive integrated inductor (i.e., non-
production CMOS) or a bulky off-chip inductor, and transistors
rated for the full input voltage and the full output current of the
application. In contrast to the buck converter, an SC converter
requires only capacitors as passives, which have significantly
higher energy and power densities, and are also more easily in-
tegrated than inductors. Historically, SC converters have been
used in integrated circuits [1] to provide programmable volt-
ages to memories, but have mostly been limited to low-power
(<100 mW) applications. However, SC converters theoretically
have lower intrinsic conduction loss than inductor-based con-
verters for a given total rating (e.g., V-A product) of switches
for certain converters or applications [2]. This advantage of the
SC converters, among others, can begin to be elucidated by the
following idealized example.

Fig. 1 shows, side by side, an ideal buck converter and an
ideal ladder SC converter for 10 V to 1 V conversion into a
1 A load. A simple analysis based on peak voltage and current
stresses, summed over switches, yields a value of 20 V-A for the
buck converter and of 7.2 V-A for the ladder SC converter. In the
case of the buck converter, inductor ripple current is neglected
assuming an idealized best case, and for the SC converter, ripple
current is also neglected during each phase (50% duty cycle) of
switch conduction. The rational for this latter assumption is that
this is actually a worst case for conduction losses, correspond-
ing to the “fast switching limit” (FSL) where switch conduction

0885-8993/$31.00 © 2012 IEEE
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Fig. 1. 10:1 step-down buck and ladder-type SC converters.

losses are dominant [2]. More details appear in the following
sections. This substantially reduced switch V-A stress total is
a first apparent advantage for the SC converters. A second ad-
vantage of the SC converter, also evident in the diagram, is the
fact that each switch in the ladder SC circuit need be rated only
for the 1 V output voltage, and hence can be implemented with
a high-performance NMOS transistor if triple-well isolation or
some other voltage stacking capability [e.g., silicon on insulator
(SOD)] is available. In contrast, the switches in the buck con-
verter need to be implemented with devices that are safely rated
to handle the 10 V input voltage.

A third point, also in favor of the SC ladder circuit, is that
the circuit incurs no inductive switching losses, and thus the
related design problems including overshoots, body diode con-
duction, and timing issues associated with deadtimes are either
entirely avoided or substantially mitigated. A fourth point is that
inductor ac and dc conduction losses are inherently not present
in the SC ladder circuit. A fifth point, crucial for SOC appli-
cations, is that each load circuit requires bypass capacitance.
Generalizing, many SC circuits, especially the series—parallel
types, place half of their working (or flying) capacitors across
the output terminal at each instant, thus mitigating the need for
substantial additional bypass capacitance. Finally, the SC cir-
cuit readily admits low-power operation without need for any
control complexity, simply by reducing clock rate to arbitrarily
low frequencies. In contrast, the buck converter needs to be op-
erated in some pulsed discontinuous conduction mode (DCM)
or use complicated loss reduction techniques [3] to effect high
efficiency at light load. As will be elaborated in Section IV, the
practical energy density of small capacitors, both surface mount
and IC based, is many orders of magnitude greater than that
of their inductive counterparts. Consequently, it will be argued
that the SC converters enjoy an even greater advantage when
considering a comparison of utilization of passive components.

These advantages of the SC conversion approach are now
being exploited by many practitioners, including [4], [5], [6],
[71, [8], and [32]. These works further demonstrate that SC
converters can achieve high power density and high efficiency
in moderate power applications (e.g., >1 W).

Common complaints about SC dc—dc converters concern rip-
ple and regulation, i.e., the challenge of maintaining reasonable
efficiency over a range of conversion ratios. Examples in the
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literature [4], [5], [8], [17], and [21] show that these concerns
are not blocking issues, but do require attention, and will be dis-
cussed. The analysis and examples point to the conclusion that
SC converters can and will surpass their magnetic counterparts
in overall performance.

Seeman and Sanders [2] discuss a methodology to analyze and
optimize SC converters, and compare the SC converter with the
buck converter in terms of switch utilization. This paper expands
on the discussion in [2], but especially focuses on utilization
of reactive elements. Section II first gives a brief review of
the results in [2], and introduces common metrics to compare
switch utilization in both SC and inductor-based converters.
Section III expands on this discussion, providing a framework
for comparison of utilization of passives among both SC and
inductor-based converters. Section IV details the comparative
merits of numerous SC and inductor-based converters, but still
at a general level. Section V then reports on specific published
works that substantiate the comparisons developed in the prior
sections. Some details on progress on control and regulation of
SC converters are given in Section VI. Concluding remarks and
speculation on future directions are given in Section VII.

II. SC CONVERTER MODELING

Neglecting frequency-dependent parasitic losses, the steady-
state behavior of a SC converter can be modeled as an ideal
transformer with a series output impedance [2], [24], [25]. In
this model, the turns ratio, n, represents the conversion ratio,
determined by the converter topology and switching pattern.
The output impedance represents the requisite output voltage
drop used to move charge in the circuit. The output impedance
is a function of converter topology, switching frequency, and
component sizes.

SC converters can operate in one of two asymptotic operat-
ing conditions, or in the region between them. At low switch-
ing frequencies, the converter losses and output impedance are
dominated by the amount of charge that can be transferred
by capacitors. This asymptotic regime is denoted by the slow
switching limit (SSL). At high frequencies, the switch on-state
resistance prevents the capacitors from completely transferring
their charge each period, and thus, the switch resistance domi-
nates the converter’s loss. This asymptotic operating regime is
denoted by the FSL.

This discussion assumes two-phase converters operating
at 50% duty cycle and insignificant parasitic equivalent se-
ries resistance (ESR) of the capacitors. The asymptotic SSL
(capacitor-dominated) and FSL (switch-dominated) output
impedances are given by the following equations [2]:

(a(f.,i)Q

1
Rysp = — Y (1)
fsw iccaps ZCL
Rpgr, =2 Z R; (a,)*. )

ieswitches

In (1), fiw represents the switching frequency, C; is the value
of capacitor 4, and a. ; is the charge multiplier of capacitor i.
The charge multiplier is defined as the ratio between the charge
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flowing in capacitor ¢ during a single period and the average
output charge during that period. Similarly, in (2), R; and a, ;
are the on-state resistance and charge multiplier for switch i,
respectively. It is straightforward to fold in the contribution
to loss and output resistance from capacitor ESR, as done for
switch resistances in (2). This is not done here in order to keep
the presentation simple, and because many integrated circuit
capacitors have ESR corner frequencies well above the practical
converter operating frequencies, keeping capacitor ESR loss as
only a very small fractional loss component.

These expressions for an SC converter’s output impedance ex-
plicitly allow for its optimization. By constraining total switch
V-A product (related to area for integrated implementations) or
capacitor energy storage, each circuit element can be sized pro-
portionally to its charge multiplier and inversely to its blocking
voltage. This optimization yields the smallest output impedance
for a given allotment of switch V-A product or capacitor energy
storage.

After carrying out the aforementioned optimization steps, a
pair of performance metrics can be developed from the output
impedance expressions in (1) and (2) to express the ratio of the
optimized performance of an SC converter to the cost of the
components used. In the case of the SSL, the dimensionless
metric in (3) is the ratio of the converter output capability per
unit clock frequency GV?2/f., (where G is the output-referred
converter conductance) to the total energy storage. In the case
of the FSL, the metric in (4) is the ratio of the converter output
capability GV to the value of the GV ratings of the switches,
totaled over the switches. Converter output capability GV? is
a precise metric, the product of the squared open-circuit output
voltage and the output conductance, that allows an exact com-
putation of a power delivered versus loss relationship [2]. The
metrics (3) and (4) assume that the switches and capacitors are
sized optimally as described previously and in [2]. The SSL and
FSL metrics are given as follows:

2V3
Mgs1, = OUT - (3)
<Zk€caps |a(:7kvc,k(rated) |)
V2
Mgy, = ouT (4)

Qr | Ur k(rated) ‘)2 .

2 (Zk:esw

Notice that each of these dimensionless metrics depends only
on the squared absolute sum of the V-A products for the rele-
vant circuit elements—capacitors or switches—normalized by
squared output power. Thus, the performance metrics relate di-
rectly to the fundamental operation of the underlying circuit. In
these metrics, the voltage used for characterization is the com-
ponent voltage rating, since this sets the cost of the device. > In
all cases, the maximum expected working voltage must be less
than this rated voltage.

In the previous discussion, it was implied that the switch V-A
product, equivalently switch GV? rating, scales linearly with
integrated circuit die area. There is undoubtedly a monotonic

2A similar analysis has been used to co-optimize for efficiency and power
density, while considering dynamic losses associated with capacitor bottom
plate and device gate capacitances [5].
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dependence between the die area and the V-A product. The
simplifying assumption of a linear relationship is made to allow
a fairly general discussion and presentation. Caveats occur first
due to the discretization of available device voltage ratings in
any given integrated circuit process. Thus, when evaluating the
quantity in (4), one needs to carefully select the process and
device type to sustain the maximum working voltage.

A more detailed scaling study of V-A rating with respect to
voltage rating would need to take into account device family
type and technology details. Such a study is beyond the prac-
tical scope of this paper. Nevertheless, we note that the metric
in classical references [26], [27], for assessing asymptotic per-
formance of power semiconductor device platforms in terms of
Rys_on—Area product, do call out exactly the GV? rating as the
fundamental quantity relevant for this evaluation.

III. FUNDAMENTAL LIMITS

The metric Mpgy, introduced in (4) provides an effective
metric for comparison among SC converters. It turns out that
the same metric can be computed for any standard inductor-
based converter, as has been done in [2]. An analysis using the
results reported in [2] (and alluded to in Section I) that compares
relative switch utilization effectiveness in SC and inductor-based
converters appears in Section IV.

Of greater interest in this paper is an analysis of relative
utilization and requirements for passive components. For this
analysis, we refer to the seminal work of Wolaver [9]. Wolaver
[9] developed fundamental limits on the component stresses in
any dc—dc converter. For the reactive elements in any dc—dc
converter, Wolaver [9] states and proves the following relation:

DS

kereactances

=1
o x| > TPOUT 5

where n is the current or voltage step-up ratio (whichever is
greater than one) and vy and ¢ are, respectively, the instanta-
neous voltage across and current through reactive element k,
with the overbar indicating a time-averaged quantity for pe-
riodic steady-state operation. This is a compact constraint on
total reactive element V-A stress. Specializing to steady-state
operation of conventional two-phase SC or inductor-based dc—
dc converters, the quantity on the left-hand side of (5) is the
total time-averaged absolute energy absorbed by the reactive
elements.

For a conventional two-phase SC circuit, the one-period time-
averaged absolute current through a capacitor can be represented
in terms of its charge multiplier

lir] = 2 |ac.k| Iovr- (6)

Substituting (6) into (5), and assuming linear capacitors,
yields

n

-1
- Voutlout (7N

IOUT Z ’Uik|acvk| >

kecaps
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or equivalently

Ui n—1
k> .
> o laekl > — ®)

kecaps

This fundamental limit effectively restates the Wolaver in-
equality limit (5) in terms of the capacitor charge multipliers
and average capacitor working voltages, expressed as a ratio
with the output voltage. The dimensionless quantity appearing
on the left-hand side of inequality (8) is computed for the most
frequently used SC converters in the dissertation [12]. As will be
discussed in the next section, the series—parallel converter meets
the limit (8) with equality. Since the series—parallel converter
achieves the fundamental limit, it is capable of the highest ideal
performance of any capacitor-limited SC converter.

Analogously, when the reactance-based performance limit,
considering only the power inductor, is found for the buck
converter, it meets the Wolaver limit in (5) with equality. It
is reasonable to focus only on the inductor for this high-level
analysis, since for steady-state operation, the input and output
capacitance can be made arbitrarily small, in principle, by using
a sufficiently large number of interleaved converter phases. Of
course, even without considering input or output voltage ripple,
some bypass capacitance will still be required. We note that
inductor peak energy storage is minimized with a design choice
that corresponds to operation at the edge of DCM, also known
as critical conduction, though this choice does not typically cor-
respond to minimal inductor size given a loss constraint. Thus,
in the sense of the fundamental Wolaver inequality (5), the buck
(and boost) converter is also optimally effective in its use of its
key reactive element.

We note for completeness here that Wolaver’s results also
include inequality bounds analogous to (5), but applicable to
the switches. We omit discussion of these since we have already
introduced an effective metric in (4) for comparison among
all circuits, and because Wolaver’s results provide bounds on
the product of averaged absolute voltage and averaged absolute
current. We do not believe, in general, that averaged absolute
voltage is a useful metric for a switch in a dc—dc converter, since
in some instances a switch may block a large voltage, but for
only a small fraction of a period.

IV. COMPARISON OF TOPOLOGIES

This section provides a comparative analysis of the SC and
inductor-based converters in terms of the metrics and funda-
mental limits introduced in the prior two sections.

A. Switch Utilization

The limits on converter performance developed in Sections II
and III utilize properties that apply to all dc—dc converters. Thus,
it is highly informative to use these metrics to compare SC and
traditional buck converters. The FSL metric for a buck converter
(and equivalently the boost converter) can be derived [2], and is
given by

1

M, Jbuck = — —— o5 (9)
e (VT4 1)’
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Fig. 2. FSL switch metric versus conversion ratio. Data plotted for buck
(equivalent to boost), ideal transformer bridge converter, SC ladder (equivalent
to Dickson), and SC series—parallel converter.

Vin©

Fig. 3. Four basic converters: (a) ladder, (b) series—parallel, (c) ideal trans-
former, and (d) boost (buck).

When finding this metric, the converter’s total switch GV
rating is constrained, and the two switches’ relative sizes are
jointly optimized to minimize conduction loss for each specific
conversion ratio to develop this expression. Fig. 2 provides a
graphical comparison of the resulting optimized switch conduc-
tion metrics for four representative converters: the SC ladder
(equivalently Dickson), the SC series—parallel, the buck (equiv-
alently boost), and a basic ideal-transformer bridge converter.
Fig. 3 illustrates these four representative converter circuits.



4150

As is evident from Fig. 2, the ladder (and also equivalently
the Dickson) converter is best at all conversion ratios. This re-
sult was foreshadowed in Section I. Also of interest, the three
nontransformer-isolated circuits perform equivalently at a con-
version ratio of 2 (n = 2). The transformer-isolated circuit has
an equal metric at all conversion ratios since the conversion ra-
tio is readily achieved by simply adjusting the ideal transformer
turns ratio, keeping switch stresses invariant. Although further
discussion might be of interest, we note that [2] includes some
of this discussion. With present day technological concerns, we
believe that the differentiation in utilization of passive elements
is now of greatest interest, and so turn to this topic.

B. Passive Element Utilization

As discussed in Section I11, the Wolaver bound in (5) provides
an effective metric to begin comparisons of passive element uti-
lization across topologies and technologies. First, as introduced
in Section III, the time-averaged absolute V-A stress product
on the capacitors in the series—parallel SC converter meets the
Wolaver bound with equality. And, this is also the case for the
buck converter when considering its key component, the induc-
tor. In the case of the ladder SC converter, the quantity on the
left-hand side of (5) takes the value ((n—1)?/n)Pour [12], and
thus, the working capacitors in the ladder circuit need to handle
more reactive power in an overall assessment for conversion
ratios greater than 2. (For conversion ratio 2, the series—parallel
and ladder circuits are actually identical circuits.) Thus, for a
relatively high conversion ratio example with n = 10, as in-
troduced in Section I, the net average absolute V-A stress on
the capacitors is nine times larger than would be the case in
an optimally effective circuit. The discussion will be completed
here by: 1) assessing the practical relationship between the time-
averaged absolute V-A stress product and the required energy
storage in each type of circuit; and 2) by giving a comparative
assessment of reactive component energy density.

When comparing reactive element usage, we see that SC
converters are similar to inductor-based converters in terms of
required V-A product for the best topologies in each class. How-
ever, the electrical utilization of the energy of the reactive el-
ements differs significantly. Inductor-based converters, such as
the buck and boost topologies, can, in principle, fully magne-
tize and demagnetize a lossless inductor each period in the case
of discontinuous or critical conduction without incurring loss.
This is not usually the case in practice, since there are significant
losses associated with ripple current and ripple flux. Typical flux
swings are in the range of 20%—40% peak to peak for represen-
tative buck converter designs. SC converters, on the other hand,
ideally only utilize a small fractional ripple voltage on their
capacitors, since this ripple corresponds to loss, also known as
charge-sharing (or SSL) loss. A representative high-efficiency
design allotting 5% loss to charge-sharing (or SSL) loss might
call for about 10% peak-to-peak voltage ripple. It is the frac-
tional ripple that defines the ratio between the time-averaged
absolute V-A stress and the required energy storage. Thus, in
order to meet representative efficiency objectives, the SC con-
verters generally require an additional multiplicative factor in
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the range of about four times more energy storage than that re-
quired in an inductor-based converter. This ratio may be as high
as 20 in the case of a comparison between a very high efficiency
SC converter, and a buck converter designed to operate at the
critical conduction limit.

Despite the potential need to store some additional energy
in SC converters, the dominantly superior energy density of
capacitors with respect to inductors for practical frequencies
and implementations allow SC circuits to provide substantially
higher power density at equal efficiency, or substantially higher
efficiency at equal power density. The energy density advantage
for a representative sampling of surface mount capacitors is
captured in Table I. As can be seen in the table, the energy
density of these small discrete capacitors is generally in the
range of more than three orders of magnitude greater than that of
similarly scaled inductors. For the inductors, energy is limited
by the manufacturers’ specified current limits, whether these
arise from a thermal limit or magnetic saturation.

A fair comparison between integrated inductors and inte-
grated capacitors requires a consideration of the technology
used in the two relative converter types. With an initial imple-
mentation goal to ensure no additional cost for special process
steps, we consider the use of gate dielectric to implement ca-
pacitors. Given an area of 1 mm? in today’s CMOS technology,
a capacitance of about 10 nF can be obtained to achieve an
energy density of 5 nJ/mm? at 1 V of operation. Analogously,
for an inductor, we restrict an example implementation to use a
3-pm-thick® top metal layer. For a planar spiral inductor imple-
mentation with 1 mm diameter, two turns, 100-pm line width*
and 50-pm line spacing, approximately 4 nH can be achieved,
but with a dc resistance of 400 m2. Allowing for 5% power
loss due to dc conduction (while still neglecting all other loss
mechanisms) into a representative 1 V load restricts maximum
dc current to 125 mA. As such, this inductor realizes an areal
energy density of 31 pJ/mm?, based on dc conduction. Note that
the value of 4 nH would result in operation at critical conduction
at 500 MHz, a rather high frequency for state-of-the-art CMOS-
based converters, ina 2 V to 1 V buck application. Thus, for this
representative comparison of readily available CMOS capaci-
tors and inductors, the pattern of orders of magnitude greater
energy density in the favor of capacitors prevails.

In summary, the prevailing superior available energy (and
power) density of integrated and small surface mount capaci-
tors, in comparison to inductors, drives an expectation that SC
converters should outperform inductor-based converters when
making comparisons on charts of efficiency and power density.
This is the subject of Section V.

C. Switching Loss Discussion

Although the comparative analysis in this section does not
comprehensively address switching losses, it is appropriate
to provide some commentary. In the discussion of switch

3The top metal in most of the standard processes today is usually thinner than
this example (e.g., 1 pm thick).

“4In practice, certain process rules usually limit a single line width to a smaller
number, leading to a higher dc resistance.
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TABLE I
DIMENSIONS (mm) AND VOLUMETRIC ENERGY DENSITIES (/I,J/mmg) OF SOME REPRESENTATIVE SURFACE MOUNT CAPACITORS AND INDUCTORS

Manufacturer Value Dimension Energy
(mm) Density
(1 J/mmn3)
Ceramic Cap Taiyo-Yuden 22pF@4v 1.6 x0.8x0.8 172
Ceramic Cap Taiyo-Yuden 1uF@35Vv 1.6x0.8x0.8 598
Tantalum Cap Vishay 10uF@4Vv 1.0x0.5x0.6 266
Tantalum Cap Vishay 100uF@6.3V  2.4x1.45x1.1 518
Electrolytic Cap Kemet 22uF@ 16V 7.3x4.3x19 47.2
Electrolytic Cap C.D.E 210mF@50V 760 x 219 87.8
Shielded SMT Coilcraft 10pH@0.21A 2.6x2.1x1.8 0.02
Inductor
Shielded SMT Coilcraft 100pH@0.1A 3.4x3.0x2.0 0.02
Inductor
Shielded Inductor Coilcraft 170pH@1.0A 11 x11x9.5 0.07
Shielded Inductor Murata ImH@2.4A 29.80 x 21.8 0.19

Note that energy densities of capacitors are more than three ordersof magnitude greater than those of

inductors.

utilization and inductor utilization in the inductor-based circuits
(i.e., buck converter), conventional switching losses associated
with gate drive, hard switching, and potential body diode con-
duction were not explicitly considered. Two reasons for this
neglect are that best-in-class control strategies minimize con-
ventional switching losses (e.g., adaptive deadtime schemes),
and gate drive losses are directly related to the switch V-A in-
tensity. Larger switch V-A stress requires greater die area, and
in turn greater gate drive power per unit frequency. In the case
of the SC converters, again, the gate drive power scales directly
with the required switch V-A, and so, this requirement has been
factored in indirectly.

Although charge-sharing or SSL losses can be thought of
as switching losses, these losses are really fundamental to the
operation (and an inefficiency) of the SC converters, and have
already been considered in the discussion of the passive utiliza-
tion. Specifically, in the previous discussion where the capacitor
ripple ratio was constrained to the range of 5%—10%, this was
done to keep the SSL loss component to a very small fraction
of the output power.

An important additional switching loss in the SC convert-
ers is that associated with dynamic power loss in charging and
discharging parasitic (e.g., bottom plate) capacitances of the
on-die integrated capacitors. Since this loss term is highly pro-
cess dependent, it is not directly addressed here. Rather, the
authors of [5] provide a design optimization process that fully
comprises these parasitic capacitances. After optimization, the
bottom plate loss term only comprises a few percentage points
of the output power.

V. COMPARATIVE STUDY OF FULLY INTEGRATED
IMPLEMENTATIONS

With increasing levels of integration of digital processing
cores and functional blocks in SOC implementations, multi-
ple independent power rails need to be implemented on-die to
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Fig. 4. On-die point-of-load power distribution.

actively optimize the whole system’s power and circuit per-
formance. Simply adding off-chip supplies will not only incur
serious degradations of supply impedance due to split package
power planes, but also additional cost due to increased mother-
board size and package complexity. Therefore, there is a strong
motivation to fully integrate voltage conversion on the CMOS
chip using a point-of-load strategy, as shown in Fig. 4. Toward
this end goal, we study existing fully integrated CMOS convert-
ers in this section.

Fig. 5 provides a two-axis chart for comparison of perfor-
mance metrics for a series of experimentally tested and pub-
lished fully integrated dc—dc converters, of both the SC and
inductor-based types. For each circuit, a single operating point
characterizing a representative best case is selected. The chart
plots, for each circuit at its selected operating point, efficiency
on the vertical axis versus power density on the horizontal
axis on log scale. Inductor-based converters are represented
with diamonds in this chart. Data points labeled [11], [22],
and [23] in Fig. 5 correspond to buck converters (three-level
buck for [23]) fabricated with standard CMOS processes, with
no special technologies included to help with inductor imple-
mentation. For these examples, efficiencies are bounded below
80% while power densities come in at below 0.3 W/mm?. The
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chart illustrates a conceptual performance “front” for these data
points that is then exceeded with two example circuits that do
include advanced magnetics processes. The point labeled [13]
corresponds to a recent effort that utilizes a plated Cu and NiFe
coupled-inductor structure, implemented in an interposer layer,
resulting in an areal density of about 1 W/mm? at 75% efficiency
when considering the interposer area required for the inductor
structure. The authors of [13] indicate that if only active silicon
area was considered, the power density would be 10 W/mm?.
So, this point could equally well have been placed at a posi-
tion corresponding to 10 W/mm?. Finally, the data point [10]
represents a complete very high power integrated buck con-
verter that also uses a thick plated Cu (10 pm) and NiFe (4 pm)
backend process to realize a 32-phase coupled-inductor struc-
ture. This backend process is applied to a standard production
90-nm CMOS process, and results in the leading buck converter
data point on the chart, corresponding to 10 W/mm? and 82%
efficiency.

On the SC side, data points [8], [7], and [5], represented
with triangles in Fig. 5, correspond to SC dc—dc converters
built in standard CMOS processes. The highest performance
of these three examples [5] achieves efficiency of 80% at
0.86 W/mm? of output power density with no additional fabri-
cation steps in a commercial 32-nm CMOS process. The work
also illustrates methodologies to address several well-known
issues associated with SC converters, including limited out-
put voltage range and voltage ripple. The chart in Fig. 5 has
a second performance “front” sketched in corresponding to
a boundary between SC converters built in standard CMOS
and those that incorporate special capacitor processes, €.g.,
deep trench capacitors. The data point labeled [6] corresponds
to a fully integrated 2-to-1 SC converter implemented with
~200 fF/pm? deep trench capacitors, and achieving efficiency
of 90% at a power density of 2 W/mm?. Data point [32], in-
dicative of better than 85% efficiency at 5 Wmm?2, also corre-
sponds to a similar fully integrated 2-to-1 SC converter, also
implemented with ~200 fF/ ;m? deep trench capacitor tech-
nology. An analysis based on the experimentally verified de-
sign process described in [5] predicts that with 200 fF/um?
deep trench capacitors and modern CMOS switches, an opti-
mized SC design can achieve above 88% efficiency for power
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densities up to 10 W/mm?—i.e., notably higher efficiency than
that of the highest performing buck converter [10] while utiliz-
ing only relatively standard processing techniques. Data points
[5], [6], [32], and their extrapolation shown in Fig. 5 largely
confirm the assertions made in the prior sections.

VI. RIPPLE AND REGULATION OF SC CONVERTERS

Two of the typically noted challenges of SC converters are that
they supposedly suffer from voltage ripple at input and output
rails, and that they do not nominally provide an efficient means
for regulation over a wide range of input and/or output voltages.
Much progress has been made to mitigate these concerns, as
outlined in this section.

With respect to voltage ripple, there are a few very success-
ful approaches that have been applied to mitigate this concern.
First, we note that the potential origin of large voltage ripple
is from the approximately impulsive charge transfers that oc-
cur at low clock rates, i.e., in the asymptotic SSL. By simply
operating at higher clock rates, or by designing so that resis-
tive impedances are significant, these impulsive charge transfers
can be substantially mitigated. Variations of this approach, that
combine with a voltage regulation strategy, have been applied
in [17], [21], and [19]. In these works, fine-scale voltage reg-
ulation is achieved by actively modulating some of the switch
impedances, and as such, these modulated switch impedances
dominate and control the overall output referred resistance. This
operation corresponds to behavior best described by the asymp-
totic FSL, with current flow nearly constant during each clock
phase of the circuit operation.

The utilization of multiphase circuit architectures is a most
effective methodology for essentially obviating voltage ripple.
A striking example of this is the 32-phase test circuit devel-
oped in [5], where voltage ripple in the single millivolt range is
attained at input and output terminals, without use of any dedi-
cated input or output bypass capacitance. Rather, the working
(or flying) capacitors function as effective input and output ca-
pacitances. Many other practitioners (e.g., [8] and [7]) who
have developed fully integrated SC converters have recognized
the strong advantages of the multiphase strategy.

Regulation of an SC converter can be achieved through
modulating the output referred resistance Royt of the con-
verter, dynamically adjusting the unloaded conversion ratio
n [14] and ideally by combination of these two mechanisms.
Since the maximum achievable efficiency of an SC converter is
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limited by the voltage drop across the output referred resistance
Rour, changing n is desired when the ratio Vin/Vout varies
substantially.

There are numerous ways to modulate Ryt [15]-[18]. All of
these methods can be categorized as either modulating the SSL
impedance Rggr, or the FSL impedance Rpgr,. Bayer [15] im-
plements clock pulse skipping, and Seeman [16] proposes con-
trolling the clock hysteretically, with both of these approaches
effectively adjusting switching frequency to modulate Royrt
via Rggr,. Gregoire [17] varies switch conductance and Zhu [18]
varies switch duty ratios, with both schemes effectively control-
ling switch resistances to modulate Royt via Rpsr,.

One successful implementation strategy for achieving regula-
tion over a wide input voltage range is illustrated in the example
circuit in [19] and [33]. This example circuit realizes a variable
ratio step-down Dickson converter. This circuit is organized for
seven step-down ratios in half-integer steps from 5:1 to 8:1,
corresponding to a practical input range of 7.5-13 'V, while pro-
viding a precisely regulated 1.5 V output. The overall regulation
strategy combines an outer loop for conversion ratio selection
and a minor loop for precise regulation of output voltage via
switch conduction modulation. This strategy is illustrated in
Fig. 6. Fig. 7 compares computed efficiency plots with mea-
sured data points for loads of 50 and 220 mA. Efficiencies in
the range of 90% are maintained over the entire range of input
voltages.

We conclude this section by noting that although ripple and
regulation have been noted as challenges for the SC converters,
there are actually very effective solutions addressing each of
these potential concerns.

VII. CONCLUSION AND FUTURE CONSIDERATIONS

This paper provides a perspective on progress toward realiza-
tion of efficient, fully integrated dc—dc conversion and regulation
functionality in CMOS platforms. In providing a comparative
assessment between the inductor-based and SC approaches, the
presentation reviews the salient features in effectiveness in uti-

Efficiency plots of regulated step-down Dickson converter of [19]. Output tightly regulated to 1.5 V.

lization of switch technology and in use and implementation
of passives. The analytical conclusions point toward the strong
advantages of the SC approach with respect to both switch uti-
lization and much higher energy densities of capacitors versus
inductors. The analysis is substantiated with a review of recently
developed and published integrated dc—dc converters of both the
inductor-based and SC types.

Undoubtedly, we shall continue to see progress on both fully
integrated inductor-based and SC dc—dc converters. Fundamen-
tal to this progress is the continued development of suitable
inductor and capacitor technologies.

In the case of SC converters, there is certainly more room
for work on circuit strategies that enable very high efficiency
over strategic ranges of input and output voltages, and over a
wide load range. Associated with these circuit strategies, wide-
band control strategies that effect load and line transient per-
formances equal to those achieved with loadline strategies ap-
plied in the buck converter domain are emerging. Moving away
from pure SC and pure inductor-based circuits are families of
hybrid circuits, which may enjoy advantages from both do-
mains. Multilevel inductor-based circuits, e.g., the three-level
buck [23], [28], are examples of these. Generalizing, cascades
of SC and inductor-based converters have shown promise in
mitigating charge sharing losses, since charges may be moved
with a compliant inductive element, rather than through direct
(resistive) transfer to another capacitor or voltage source [29].
Still, another promising hybrid is the family of resonant SC
converters [30], [31], where capacitors are effectively replaced
by resonant L. — C' elements to effect nominally lossless charge
transfers.
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