IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 53, NO. 12, DECEMBER 2018

3455

Algorithmic Voltage-Feed-In Topology for Fully
Integrated Fine-Grained Rational Buck—Boost
Switched-Capacitor DC-DC Converters

Yang Jiang

Abstract— We propose an algorithmic voltage-feed-in (AVFI)
topology capable of systematic generation of any arbitrary buck—
boost rational ratio with optimal conduction loss while achieving
reduced topology-level parasitic loss among the state-of-the-art
works. By disengaging the existing topology-level restrictions,
we develop a cell-level implementation using the extracted Dick-
son cell (DSC) and charge-path-folding cell (QFC) to minimize
the power-stage parasitic loss, exhibiting a Dickson-like switch-
ing pattern. The proposed partitionable main cell (MC) and
auxiliary cell (AC) architecture achieves fined-grained voltage
conversion ratio (FVCR) reconfiguration with optimal power
cell utilization and reduced control complexity. Implemented
in 65-nm bulk CMOS, the fully integrated switched-capacitor
power converter (SCPC) using 10 MCs and 10 ACs executes a
total of 24 VCRs (11 buck and 13 boost) with wide-range efficient
buck-boost operations through the proposed reference-selective
bootstrapping driver (RSBD). Based on the AVFI topology,
the chip prototype reaches a measured peak efficiency of 84.1%
at a power density of 13.4 mW/mm? over a wide range of
input (0.22-2.4 V) and output (0.85-1.2 V).

Index Terms— Algorithmic voltage-feed-in (AVFI) topology,
buck-boost, de-dc, linear topology, parasitic loss, power den-
sity, rational voltage conversion ratio, reconfigurable, reference-
selective bootstrapping, switched capacitor.

I. INTRODUCTION
FFICIENT wireless energy harvesting solutions are
highly demanded in many portable dynamically pow-
ered internet of everything (IoE) systems. Switched-capacitor
power converters (SCPC) are desirable for on-chip dc—dc con-
version due to its full integration capability with high energy
efficiency and power density [1]-[18]. Due to the wide input—
output dynamics as a result of the changing ambient environ-
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ment, SCPC with multiple voltage conversion ratios (VCR)
is necessary to alleviate the VCR-induced efficiency penalty
while achieving a small form factor [19]-[30]. Yet, many
existing works offer only a few VCRs, leading to signifi-
cant efficiency fluctuations over wide input—output dynam-
ics (e.g., up to 30% in [28]). Hence, on-chip SCPCs with
systematic fine-grained VCRs (FVCRs) become attractive to
achieve consistent high efficiency across an extended operating
range [7], [31]-[34]. Even though glitches and hard-charging
losses can result during VCR reconfiguration, such issues
should be much relaxed for the target application scenario.

Conventionally, the Dickson topology has been widely
employed in many fully integrated step-up/-down solutions
with high efficiency due to its optimal bottom-plate (Cpot) par-
asitic loss [35], [36]. However, it can only achieve 1-to-n (1:n)
boost VCRs and n-to-1 (n:1) buck VCRs due to its topol-
ogy inflexibility, rendering FVCR implementations impossible.
As an alternative, the series—parallel (SP) topology is well
known for its VCR flexibility [37] but is not preferred for
on-chip implementations due to the suboptimal slow-switching
loss [38] (i.e., Rssr) and Cpo parasitic loss.

To overcome the limitations as demonstrated in the Dickson
and SP topologies, various systematic rational VCR generation
techniques based on binary converters have recently been
proposed to achieve fined-grained resolution including the
successive approximation register (SAR) SCPC [31], recur-
sive SCPC (RSC) [32] [33], and negator-feedback SCPC
(NSC) [34]. Due to their intrinsic binary switching property,
each flying capacitor carries binary-weighted charge flow, with
each stage performing either voltage doubling or halving steps.
Even though they can achieve less number of power cell
stages for generating high conversion ratios, its binary stepping
characteristics can increase the Chor switching voltage (A Vcp),
raising the on-chip flying capacitor (Cqy) parasitic loss which
can significantly degrade the power conversion efficiency. As a
performance tradeoff, existing works mostly employ metal—
insulator—metal (MIM) capacitors with low Cpo as the energy
storage elements but at the expense of limited power density
in the order of sub-mW/mm? [7], [25]-[26], [31]-[34].

This paper (expanded from [39]) revisits the fundamen-
tal properties of the traditional Dickson and SP topologies
and proposes a systematic SCPC topology design method-
ology to achieve optimal power stage losses. The proposed
method includes a core framework featuring the algorithmic
voltage-feed-in (AVFI) function to achieve linear topologies
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Fig. 1.
generated levels, and (c) their respective arithmetic model representations.

for flexible rational VCR generations with optimal Rsgy.
The proposed AVFI framework, together with the Dickson
cell (DSC) and the charge-folding cell (QFC) which are
extracted from the existing Dickson and SP topologies, can
algorithmically attain improved parasitic loss for any arbitrary
rational VCR among the state of the art. While a charge
recycling technique is presented in [10], the proposed AVFI
topology achieves parasitic loss reduction at the topology
level. Both techniques should theoretically be compatible
with each other but at the expense of increased circuit and
control complexity. Using the proposed methodology, a fully
integrated buck—boost SCPC with 24 VCRs was implemented
in 65-nm bulk CMOS. Due to the intrinsic unit charge flow
property, modular power cells can be adopted to relax the
implementation/control complexity. A partitionable power
stage containing 10 main cells (MCs) and 10 auxiliary
cells (ACs) with a scaled size ratio of 5 is employed to
guarantee full capacitor utilization, with the seven partition-
ing modes supporting 24 VCRs. To support reliable power
switch on/off operations under wide voltage dynamics in
FVCR implementations, we also propose a reference-selective
bootstrapping driver (RSBD) technique featuring an adaptive
selection of the proper gate driving reference node across
the power switch for accurate switch-on/-off control while
ensuring robust operation using low-voltage power switches
to reduce the switching loss.

The organization of this paper is as follows. Section II
details the proposed AVFI topology design methodology.
Section III presents the corresponding topology analyses.
Section IV provides application examples to demonstrate
the utilization and characteristics of the proposed topology
design technique. Section V outlines the converter design and
implementation. Section VI shows the experimental results.
Finally, Section VII draws the conclusion.

II. ALGORITHMIC VOLTAGE-FEED-IN TOPOLOGY
A. Conventional Linear Topologies
Dickson-type converters are often referred to as linear
with: 1) each power cell carrying uniform charge flow (Qc¢)
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(a) Demonstration of 1:(n 4+ 1) and n:(n + 1) conversions by conventional Dickson and SP topologies, (b) their corresponding power stage internal

through the flying capacitor (Cgy); and 2) the generated
internal voltage levels equally distributed within the voltage
conversion domain, which is [Vss, Vin] for buck mode and
[Vss, Vourt] for boost mode. Fig. 1(a) and (b) illustrates
the above-mentioned observations for an n-stage Dickson
topology in boost conversion for 1:(n + 1) and n:(n 4 1).
For comparison, they also show the SP implementations for
the same VCRs. By inspection, the corresponding SP also
satisfies the above-mentioned linear topology characteristics.
As a result, we can essentially consider SP as an alternative
to Dickson in such a scenario. With reference to the existing
analysis for Dickson converters [35], [40], we can express
the ith stage output level (S; o) in terms of the capacitor
voltage V¢ ; and the bottom-plate switching voltage A Vcg ;, as

+ [AVcs,il (1)
+ |AVcs,i (2)

From Fig. 1(a), the first-stage operation for both topologies
and their corresponding output Sj ¢ are the same, with the
later stage results depending on the previous stages. Even
though they can both generate the same set of voltage levels
using the same number of capacitors, their unique charge
pumping characteristics can lead to distinct performance
advantages/disadvantages. Considering the boost conversion
of 1:(n+1) and n:(n+ 1), the Dickson and SP voltage stepping
characteristics are, respectively, given as

Si,0.1:+1) = Vi

Si0,n:(+1) = Vout — (Vi

Dickson: Ve = Si—1.0,|AVcep.i| =V
L+ ) C.i i-1,0, |AVc,il N3
Ve,i = VIN, [AVes,il = Si—1,0
Dickson: Vc,; = Vour — Si—1,0
AVer.i|l = Vi — W
e+ 1) |AVes,il out — VIN @)
SP: Ve,i = Vour — VIN

= Vour — Si-1,0

From (3) and (4), the Dickson topology features fixed
AVcp,i = Vin or Vour—Vin. Intuitively, this operation leads
to its stage by stage increase in capacitor voltage. In contrast,
each Cgy in the SP topology has fixed voltage V¢ ; = VN or
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Fig. 2. (a) Extracted power cells from Dickson and SP boost topologies.
(b) Summary of basic power cells used in the proposed topology design
method.

Vour—ViN but with gradually increased AVcg,;. As demon-
strated in [35] and [36], the Dickson topology can theoretically
achieve the minimum parasitic loss for a particular VCR,
and is therefore a preferred solution when compared with SP.
However, as Vc,; solely relies on the previous stage out-
puts which can only be multiples of Vin or Vour-Vin,
conventional Dickson converter only generates limited VCRs
of 1:(n + 1) and n:(n + 1) in boost conversion, equivalent to
(n + 1):1 and (n + 1):n in buck mode. Furthermore, for the
special case SP which realizes VCRs of 1:(n+1) and n:(n+1)
in Fig. 1(a), the voltage-stepping amplitude A Vg ; also limits
the realizable VCRs as in the Dickson case.

The aforementioned power stage-level generation can be
represented by the arithmetic model of Fig. 1(c). By inspec-
tion, except for the last stage, there is no Voyr involvement in
the operations of all the other stages for 1:(n + 1) generation.
In contrast, all the power cells rely on Voyt for n:(n + 1)
conversion. We can observe that the performance limitations
in existing Dickson and SP topologies are mainly due to their
inherent converter operations, which are ultimately defined by
the voltage stepping characteristics of the corresponding power
cells. Based on the above-mentioned observation, we propose
the AVFI topology that exploits the basic cell characteristics
of both the Dickson and SP topologies. This essentially dis-
engages their respective topology-level restrictions, resulting
in flexible rational VCR generations with optimal Rss;. and
parasitic loss performances.

B. Basic Power Cells

Referring to the Dickson and SP boost topologies of
Fig. 1(a), we extract the basic power cells to construct the
proposed topology in this paper, including two DSCs and
two QFCs from the Dickson and SP topologies, respectively,
as shown in Fig. 2(a). As summarized in Section II-A,
the DSC achieves predictable AVceg = Vin or |Vour-VIN|.
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Fig. 3. Topology exploration for rational VCR of 2:5.

Fig. 2(a) also presents the charge transfer (Quan) pattern of
Ciop-in-Ciop-out (TT) or Cpo-in-Cpor-out (BB). In contrast,
the AVcp for the QFC depends on internal node conditions
of adjacent power cells, with Qyn “folding” to the opposite
plate, showing Ciop-in-Cpor-out (TB) or Cpot-in-Ciop-out
(BT). The above-mentioned patterns distinguish the four
basic power cells for boost conversion. Similarly, basic
cells can also be extracted from the buck conversion cases.
Fig. 2(b) summarizes the total of eight basic power cells for
buck-boost conversion, with cell parameter m; introduced
to differentiate between DSC (m; = 0) and QFC (m; = 1).
Furthermore, the basic power cells can also be characterized
by the employment of output/input voltage-feed-in (VFI),
i.e., the involvement of charges transferred to Voyr in boost
mode and injected from Viny in buck mode. For instance, the
arithmetic model for 1:(n + 1) in Fig. 1(c) exhibits no Vour-
feed-in for all power cells. In contrast, all the power cells
for n:(n + 1) require Voyr-feed-in operation. Consequently,
to further classify the basic power cells, we defined «;
and b; as the Vin-feed-in and Vpyr-feed-in parameters,
respectively. Hence, Vin(Vour)-feed-in is involved when q;
(bi) = 1 and vice versa. With the above-mentioned topology
parameters (i.e., VFI parameters a; and b; and cell selection
parameter m;), every power cell among the total of eight
shown in Fig. 2(b) can be uniquely addressed.

Fig. 3 exhibits, for a better understanding, how the basic
cells can be applied for rational VCR generation. It illustrates a
2:5 boost conversion example whose implementation is based
on the selected cells from the boost mode basic cell set.
For a given Viy = 2, the corresponding Voyt = 5 can be
generated using a TT cell as C4 if S3,0 = 3. A possible
solution is to set the previous stages C1—3 using TT/BT, TB,
and BT cells, resulting in S1—3,0 =4, 1, and 3, respectively.
Fig. 3 also displays the power stage voltage-level distribution
for the derived 2:5 topology which is able to achieve optimum
Rss1. as well as Cypop parasitic loss.

Notice that the VFI parameters a; and b; essentially
determine the generated VCR, which will be discussed in
the AVFI framework in Section II-C. However, as either the
DSC (m; =0) or QFC (m; = 1) can theoretically support
the specific implementation for the power cells in the frame-
work (but can affect the value of AVcp of each power cell



3458

Ci Ci

% "FT§ § 9
o BT

Vi DSC/QFC DSC/QFC DSC/QFC  DSCI/QFC
(m) (my) (mn-1) (mn)

(a) (b)
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Sio

and hence the parasitic loss), the complete AVFI topology
implementation requires the complete topology parameter
selection (i.e., a;, b;, and m;), outlined in Section II-D.

C. Proposed AVFI Framework

Compared with the case of 1:5, the arithmetic model
of 2:5 introduces an additional VFI path at C;, resulting in
VCR modification. In principle, flexible rational VCR genera-
tion can be accomplished by controlling the VFI operation in
a topology framework with a given number of cascaded power
cells. Essentially, the construction of the arithmetic model is
dependent on the Vin- and Voyr-feed-in operations in each
power stage, meaning that both a; and b; are necessary for
the general model representation. Moreover, for a particular
VCR, the value of a; and b; is not unique, with each solution
achieving different sets of AVcp,;. The proposed algorithmic
AVFI topology aims to determine the VFI parameters a; and b;
as well as the cell parameter m; systematically through an
algorithmic framework to obtain VCR flexibility and optimal
losses.

As discussed, flexible rational VCR generation can be
achieved through programming the VFI paths from the con-
verter input (Vin) and output (Vour) to each power cell stage.
Consequently, the topology implementation is VCR specific,
which is dependent on the particular set of VFI enforced.
As the AVFI framework with @; and b; inherently maintains
the characteristics of linear topologies, it leads to an intrinsic
optimal Rsgp, for any arbitrary VCR generation. Notice that
this step does not require the selection between the DSC/QFC
cells (i.e., the choice of m;).

Fig. 4(a) shows the general model of a power cell for
VFI parameter determination (i.e., a; and b;), describing the
functional voltage conversion within a power cell. The ith
stage cell output can be expressed as

b; = 1(buck
Sio = Si1+aVin—biVour,{ ( )
a; = 1(boost).

(%)
Since all DSCs and QFCs process arbitrary cell input voltage
S;.1 by either acquiring charge from Vin or delivering charge
to Vour, the cell model can algorithmically express the cell
function by a; and b; in (5). Fig. 4(b) reveals the generalized
algorithmic topology framework through cascading the cell
models in Fig. 4(a). From Fig. 4(b), S; ¢ is an accumulative
result of previous stages, with the general expression

i i
Sio = (1 +2 a,») ViN — (Zj—l b,-) Vour.  (6)
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By assuming S, 0 = Vour, the proposed framework can
realize any arbitrary buck—boost VCRs, given by

VCR— Vour 1+> ai~y |a1=0,bi~,=1 (buck)
VIN 1+ > bi~n |aj~n=1,b,=0 (boost)
For an n-stage converter, setting all ¢; = 1 in boost mode

can set the numerator to be n + 1, ensuring proper VCR
generation from n:(n + 1) to 1:(n+ 1) through different values
of b;. This is analogous for setting all »; = 1 in buck mode.
Consequently, we can ensure proper VCR generation between
(n 4+ 1):x and x:(n + 1), where x is any positive integer
with 1 < x < n. We assume non-unity VCR generation
by setting aj in buck and b, in boost to be 0. The resultant
converter can also achieve optimal Rssp, which is analogous
to the conventional Dickson and SP converters and will be
detailed in Section III-A. In fact, the 1:(n + 1) and n:(n + 1)
Dickson topologies can also be considered as special cases
of the proposed AVFI topology framework. In summary, any
particular VCR can be theoretically generated by properly
defining a; and b;.

D. Proposed AVFI Topology With Parameter Selection

Even though the model in Fig. 4(b) can theoretically
generate all realizable VCRs by determining the summation
terms in (7), the real implementation also relies on specifying
individual values of each parameter a;, b;, and m; for optimal
Chor parasitic loss. Here, we present a systematic parameter
determination methodology to algorithmically determine a set
of unique a;, b;, and m; for concrete power cell implementa-
tion in the proposed AVFI topology with optimal Cp; parasitic
loss.

Referring to the power stage voltage-level distribution for
the Dickson/SP topology of Fig. 1, we first enforce the
level bounded rule (LBR) for determining a; and b; in buck
and boost modes, respectively. Consequently, all the internal
levels are linearly distributed and well bounded within the
corresponding conversion domain, i.e., [Vss, Vin] for buck
mode and [Vss, Vourl for boost mode, defined as

[buCkZSl‘,Olie[]’n) € (VSS7 VIN) (8)

boost:S;, o lie(1,n) € (Vss, Vour)
Based on the LBR and the S; ¢ expressions in (5) and (6),

we can derive the algorithms for a; and b; for the buck and
boost conversion as

i—1
I, i-VCR > 1+ aj
buck :a;lie2,n) = le ' ©
_0’ otherwise
i—1
1, 14+ bi ] VCR <i +1
boost :b;lie[1,n—1] = ; ! (1o
| 0, otherwise

Referring to (7), ap and b,, are equal to 0 in buck and boost
modes, respectively. Fig. 5 presents the corresponding flow
charts for systematic a;/b; determination in each cell with



JIANG et al.: AVFI TOPOLOGY

_ 1+ Xarn
(Buck) VCR = vl
Vour C1 Cz Cri GCn
@D @ e P 'O T
S10 ¥ S20 Sn1,0 T Sno
Vin
(a)
_ _n+1
(Boost) VCR = 1+ b
VOUT C1 CZ Cn1 Cn
VY YV
VSwo JSzo OSMBCJSn,o
Vin

(b)

Fig. 5. Algorithm logic flowchart for determining (a) a; for buck conversion
and (b) b; for boost conversion.

internal voltages defined. As observed, the parameter determi-
nation of the current stage relies on the internal voltage from
prior stages only. In other words, the input of any intermediate
stages is an accumulating result from earlier stages due to the
cell cascading nature, resulting in the accumulative terms of
the inequalities in (9) and (10). With the obtained a; and b;,
it can be observed that the resultant AVFI framework fulfills
the linear topology characteristics defined in Section II-A.
Here, we describe the selection algorithm for m;. As dis-
cussed in Section II-A, the unchangeable power cell con-
figurations in conventional topologies are the fundamental
reason for either inflexible VCR generation or increased
Rss1 /parasitic loss. Our proposed framework resolves this
problem by enabling identical voltage conversion using dif-
ferent types of power cells. Fig. 6 illustrates the cell selection
methodology based on the LBR to optimize the AVcp in a
particular power cell. Without the loss of generality, we focus
our discussion mainly on the boost conversion. Since the input
of each intermediate power cell is solely dependent on prior
stages, we only need to consider the interfacing of two adjacent
intermediate cells, i.e., the four cases for b; and b;41 as shown
in Fig. 6. Referring to Fig. 6(a), AVce,i+1 = |Voutr—Si,0| in
steady-state operation for m;1; = 1 (QFC). The defined LBR
ensures S;; > Vss = 0. In boost mode, S; 0 = Si;; + VIn
(as a; = 1 and b; = 0), we can have S; o > ViNn. Mean-
while, S; 0 < Vour must hold due to LBR. Consequently,
we can have |Vout — Vin| > [VouT—Si+1,0!, and using QFC
rather than DSC in the case of Fig. 6(a) always gives lower
AVcB,i+1. A similar analysis can also be used to deduce
the AVcg,iy1 for all the possible situations in Fig. 6(b)—(d),
as well as for buck mode operations. Then, it can be
concluded that by enforcing LBR for the (i + I)th stage,
the minimum AVcp for cell Ciy; can always be achieved
with m;y1 = 1 whenver b;j11 # b;, and m;y; should
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Fig. 7. Complete AVFI topology theory for the rational buck—boost

conversion. The cell configuration summary is illustrated in Fig. 2(b).

be O otherwise. The m; determination algorithm can be
expressed as

boost :m; =b;j_1 ®b;, m; =0or 1. (1)

Since S1,; = Vin for the first stage, the case for m| =
0 or 1 will result in the same power cell implementation.
Similarly, by applying the same selection method in buck
mode, the corresponding m; can be derived as

buck :m; = a; ® aj+1, my, =0or 1. (12)

For the last stage C,, m, = 0 or 1 also gives identical
structures as S,, 0 = Vour in both cases. The above-mentioned
algorithm can be propagated stage by stage to guarantee an
optimal parasitic loss at the system level. Fig. 7 summarizes
the complete AVFI topology design methodology for the ratio-
nal buck—boost conversion, including the proposed algorithmic
linear topology framework, the generalized VCR expression,
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Fig. 8. Rggp, comparison between existing topologies and the proposed AVFI
framework.

the algorithms for buck—boost VFI parameters a;/b;, and cell
parameter m;.

III. ToPOLOGY LOSS ANALYSIS

A. Slow Switching Loss (Rssp)

By employing capacitance area-based optimization for Cgy
assignment [38], the Rssp. expression for a generic SC con-
verter topology is given as

1 2
Rss), = ———M. (13a)
Crorfs -
MssL £ D" mgc.i. (13b)
ieCy

Here, Cror is the total Cqy and fs are the operating frequency.
In the proposed AVFI framework with n power cells, the nor-
malized capacitor charge multiplier in each cell (also for the
existing linear topologies) will become

. Oc. , buck VCR=(n+1):x

Mae.i = =
qc,t
QOUT llincar

+1
, boost VCR=x: (n + 1).

(14)

= | =3

With a pre-defined area and frequency, Rssp, depends solely
on the factor Msgy . From the existing SC converter topologies,
a VCR-dependent expression for Mssy, under minimum Rss,
in both buck and boost modes can be summarized as

N buck VCR = (n+ 1) : x

Msstmin = {7111 (15)
-, boost VCR = x : (n + 1).

X

Based on (14), a linear topology with n power cells theo-
retically exhibits an Msgp. that fulfills the condition in (15).
Consequently, the proposed AVFI framework with parameter
assignment as defined in (7) can intrinsically achieve an
optimal Rssp, due to its linear property. By using MSZSL as
the performance metric, Fig. 8 shows a comparison among
the existing binary RSC/NSC topologies and the proposed
AVFI topology framework. It can be observed that the pro-
posed technique achieves optimal Rgssy, similar to the existing
state-of-the-art methods.

B. Fast Switching Loss (Rrsr)
Apart from Rssy., practical power switches also introduce
fast switching loss (i.e., Rpsr. in [38]). By applying the switch

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 53, NO. 12, DECEMBER 2018

O Proposed AVFI (24 VCRs) x NSC (3-stage) ©RSC (4-stage)
8. 500

5 — 5
o o x 0 _x
8 )§(Xx x X % x x: x X Qggf“ 25 &9?8‘
75 ® ] ® ®El 400( 5, ,.xe °
7 ¢ 15 3 ¢ x
. ® @ 300! 10| B ® ©
165 o o
= 6 ¢ 2 12 14 16 18 2 X
=200} ! X
55 ® A
5 1000 | gl®
45 26
4 o . . . . . .
05 055 0.6 065 0.7 0.75 0.8 085 0.9 0.95 01 2 3 4 5 6 7 8
VCR (Buck) VCR (Boost)
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framework.

area-based optimization [38] for two-phase converters using
power switches with one single voltage rating, the correspond-
ing generic Rpsp, expression will be

2
RpsL = Gror Mg (16a)
MesL 2 D mgr (16b)
ieSW
gy & 2B (16¢)
1 Qour

where Gtor is the die-area constrained total switch conduc-
tance, Qg ; is the charge passing through the ith switch, and
Mgsy, is a defined factor to evaluate the topology-correlated
fast switching loss performance. As discussed, the proposed
AVFI topology contains n cells for VCR = (n + 1):x or
x:(n+1). From Figs. 1 and 3, we can observe that except from
the first stage which requires a total of four switches (three
connected to known potentials and one connected to next
stage), all the other intermediate power stages only require
three switches per stage (two connected to known potentials
and one to the next stage). For the last stage, it requires
three switches all connected to known voltages. In summary,
the total number of required switches for an n-stage AVFI
converter is

Nsw=4+3x(n—1)=3n+1. (17)

Due to the uniform charge flow feature, Qr;, = QOc, in
each cell. By substituting (17) and (16c¢) into (16b), the MgsL,
expression for the proposed converter is
3n+1
, buck VCR=(n+1) : x
Mest aver = Nswimgri =1 4, +11

, boost VCR=x: (n + 1).
(18)
Fig. 9 presents the comparison result for the RSC/NSC and the

proposed AVFI topologies, showing that the proposed AVFI
topology also reaches equal Mrsy, under identical VCRs.

C. Cyot Parasitic Loss

Apart from the conversion losses induced by Rssp, and
Rrs1., we also need to consider the Cpo parasitic loss for fully
integrated SCPCs. The corresponding power loss comes

P, — " A 2 = 2 19
Is,par = Zi:l ,BCI VCB,l fs —,BCTOTfSVINMpar (19a)
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c; = Mot o (19b)
i = MSSL TOT
1 n [AVer.il\2
A . >
Mpar = Msst E i |:ch’1 ( Vi (19¢)

where f denotes the ratio between the bottom-plate parasitic
capacitance (Cpot) and Cqy. The C; expression in (19b) results
from the optimization for Cpy under the total area constrained
condition, with Mssy. as defined in (13). Here, we define the
topology-dependent parasitic loss factor Mp,r in (19¢) for the
performance comparison among different existing topologies.
Fig. 10 gives a comparison of Mp,, for the proposed AVFI
topology and the state-of-the-art RSC/NSC converters. It can
be observed that the proposed AVFI topology achieves a
significant reduction in Mpay when compared with both the
RSC and NSC, especially for large VCRs in boost mode.

D. Voltage Rating

The voltage rating of both capacitors and power switches are
also important parameters to be considered for fully integrated
SC converters. For simplicity, we consider only the boost
conversion case. Similar consideration can also be readily
applied to buck conversions. The conventional integer boost
Dickson topologies have linearly increased capacitor voltage
rating V¢ which is maximally equal to Voyt—VIN. In contrast,
Ve in integer boost SP topologies equal to Vin for all power
cells. Similar to the case of Dickson, in the proposed AVFI
topology, the maximum required V¢ is equal to |Vout—VIN|
for VCR > 2, and equal to Viy for 1 < VCR < 2 in boost
mode. Similarly, in buck mode, the maximum required V¢ is
equal to |Vin—Vout| when VCR < 0.5, and equal to Vour
when 0.5 < VCR < 1.

For power switch voltage rating Vg, in conventional integer
boost Dickson converter, it is equal to 2V for the switches on
the top-plate side and Viy for those on the bottom-plate side
for all the power cells. In SP boost converter, both the top-
and bottom-plate switches block linearly increased voltages
along the power cells. The maximum Vg in the SP case is
equal to Vour—ViN on both the top- and bottom-plate side.
In the proposed AVFI topology, the maximum blocked voltage
across the switches on the top-plate side is |Vour—Vin| both in
buck and boost mode. For the bottom-plate side, the maximum
Vg level is equal to VN and Voyr in boost and buck mode,
respectively.
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Fig. 11.  Comprehensive simulation comparison between AVFI and the

existing topologies over a wide input range.

In terms of boost conversion, when compared with the exist-
ing topologies (i.e., ladder, Dickson, and SP), ladder achieves
the most relaxed blocking voltages for both Cqy and switches.
However, the ladder has exponentially increased Rssy. which
limits its application in on-chip implementations. In general,
under the same VCRs, the proposed AVFI converter faces the
same maximum Cpy blocking voltage as Dickson converter but
with a higher switch blocking voltage requirement. The major
limitation of Dickson topology is the inflexible VCR genera-
tion, which has been resolved in the AVFI converter. Compared
with SP topology, the proposed AVFI realizes improved Rssi,
and parasitic loss with a similar switch blocking voltage
requirement. However, the SP topology has an advantage on
the Cqy blocking voltage over both the proposed AVFI and
Dickson converters.

E. System-Level Simulation

To demonstrate the effectiveness of the proposed AVFI
topology, we performed simulations to provide quantitative
comparisons with existing SP, RSC, and NSC topologies.
Fig. 11 shows the system-level simulation accounting for all
the losses. The input voltage range is from 0.2 to 2.3 V.
The output voltage was regulated to 1 V while deliver-
ing a loading current of 20 mA assuming the same total
capacitance. Cpot is set to 8% of Cpy. The total number of
buck—boost VCR is 24 for the proposed converter. In addition,
all the AVFI/RSC/NSC topologies have an identical structure
under specific ratios (i.e., 2:1, 1:1, 1:2, and 1:3). Across the
entire conversion range, the proposed AVFI converter achieves
improved overall efficiency of up to 8% when compared with
RSC and NSC designs.

1V. AVFI DESIGN PROCEDURES

This section demonstrates the design procedures of the
proposed AVFI topology generation method followed by the
7:4 buck and 3:8 boost examples. The operation character-
istics of the proposed AVFI topology will be illustrated to
reveal the power stage implementation insights as well as the
intuitive interpretations of the achieved lower parasitic loss
mechanism.

The proposed method can generate a specific topology with
any arbitrary VCR, and Fig. 12 summarizes its detailed steps,
where we present a few design examples using buck—boost
VCRs. For a given rational VCR, the total number of required
power cells can be directly observed according to the linear
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Topology Generation Steps

1. Aribtrary VCR =%

2. Number of cell Nc:

Buck: Nc=p -1
Boost: Nc=q -1 5~6). Topology implementation:
3. Calculate VFI coefficients ai/ bi. VinVour Vin - Sz0 Vour VIN

Fhdirhdo

4. Calculate QF coefficient m;.

7:4 Buck Topology Generation

1~2). VCR = 7:4 — number of cell N¢c = 6.

3~4). Coefficients: buck — b1-s =1,
as={010101) >ms={11111X}

S40 VOUT Vin Vour VIN
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3:8 Boost Topology Generation
1~2). VCR = 3:8 — number of cell N¢ = 7.
~4). Coefficients: boost — a7 =1,
b1~7={0100100} > ms7={X110110}
5~6). Topology implementation:
Ss‘,o

S1o Vour Vin Ss0 Vour Vin Sso Vour

\—H{

mallllie ey
) |

5. Apply corresponding power cell

3
el lla;

¥

Fig. 12.

topology feature discussed in Section II-A. The corresponding
topology parameters a; and b; can be calculated iteratively
through (9) and (10). Based on the obtained a; and b;,
we can have a corresponding set of m; by (11) and (12)
for power cell selection using the cell summary table of
Fig. 2. The last step is to assign the switching phases in each
cell.

In both examples for the buck and boost rational VCR
generation (Fig. 12), each power stage generates equally
distributed voltage levels from Vsg to the highest level of
the conversion domain (i.e., VN in buck mode and Voyur
in boost mode) similar to the patterns of linear topologies
of Figs. 1 and 3. Each level step is equal to 1/(n + 1)
in both (n + 1):x buck and x:(n + 1) boost conversions.
The generated levels can be divided into two voltage dis-
tribution domains based on the Ciop and Cho, as illustrated
in Fig. 12. During buck mode operation, Cpot processes
voltage levels within [Vss, Vour], while Cyop converts voltage
levels within [Vour, Vin]. Similarly, in boost conversion,
Ciop operates within [ViN, Vour] and Cpey within [Vss, VinN].
In addition, the Cyo, domain is always higher than the Cpot.
This bounded domain property can well define the required
power switch voltage stress and the corresponding driving
rails, which is also exploited in the power cell design of
Section V-C and the RSBD implementation of Section V-D,
respectively.

Another observation is that the charge transfer between
all adjacent cells exhibits the Ciop-t0-Ciop and Cpot-to-Chot
phenomena. And, such patterns also appear in the lower A Vcp
selection of Fig. 6 when deriving the m; algorithm. In fact,
this pattern universally exists in all generated AVFI topologies
by the proposed method (similar to Dickson converters).
Together with the previously discussed Ciop/Chot domain prop-
erty, it intuitively explains the lower AVcp characteristic for
the proposed AVFI topology. Specifically, since the top-plate
voltage Vciop is always higher than the bottom-plate volt-
age Vcbot, cell interfacing between the same capacitor plates
(i.e., Ciop-to-Crop and Cpot-to-Chor) will definitely achieve
lower AVcp in the cell switching when compared with the
opposite (i.e., Ciop-t0-Chot and Cpot-to-Ciop).

configurations from the table 310 \/OtUT S0 Vour 350 Vour Vin Vin 32 o
with the calculated ai/ bi/ m..
e — I I 1+
6. Assign proper switching phase o 1 2 3 4 6 7 0 2 3 4 5 6 7 8
fora?l psW:rStages. 9P V\S Ss0 Si,o S10 VJOUT S4,0Y32,o YIN Vss Szo Ss0 V|\ S30 Se,oYS«o S40 V9UT
Chot domain Ciop domain Chot domain Ciop domain

VCR driven design flow and the corresponding examples for the buck—boost conversion using the proposed AVFI topology generation method.
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Fig. 13.  Overview of the implemented SC converter with 24 rational
buck-boost VCRs using 10 MC + 10 AC partitionable power stage.

V. CONVERTER DESIGN AND IMPLEMENTATION

The previous discussion introduces design examples for
single rational VCR implementation. Here, we present the
complete design and implementation of a fully integrated
SCPC with buck-boost FVCRs supporting a wide input
voltage range. The design tackles the challenge of full
power cell utilization and efficient power switch driving to
enhance on-chip power density and reduce the switching
loss.

A. Converter Overview

A reconfigurable SCPC was implemented based on the
proposed AVFI topology with 24 rational buck—boost VCRs
(11 buck + 13 boost) covering a conversion range from
2:1 to 1:7, as illustrated in Fig. 13. The 10 MCs + 10
ACs partitionable power stage can theoretically generate a
total of 79 buck-boost VCRs (including 1:1), among which
we implemented a subset of 24 with reference to the target
conversion range and power level. The designed converter
operates in dual-branch interleaving with the four-phase non-
overlapping clock signal generated through an injected master
clock to eliminate both the shoot through and reversion
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Fig. 14. (a) Rational power cell and the corresponding switch control table

(en: enable). (b) Generalized (n + 1):x topology framework implementation.

losses [41], [42]. The digital controller serves to update
the converter VCR based on the external 5-bit digital sig-
nal (DviN_s), as well as to regulate the output loading based
on hysteretic pulse-skipping modulation.

B. Partitionable Power Stage Design
According to the derived VCR expression in (7), the pro-
posed topology framework features programmable VCR with
a fixed number of cells. To accommodate the difference
in parameter settings for various VCRs, a general rational
power cell structure, shown in Fig. 14(a), was also proposed.
Referring to the switch control summary table, it can be
reconfigured into any cell type among the eight DSC and QFC
structures of Fig. 2. This facilitates practical implementation
using the proposed AVFI framework, where any rational ratios
can be realized by cascading rational power cells. Fig. 14(b)
shows a buck (n+1):x example based on the AVFI framework

using the rational cell in Fig. 14(a).
The topology framework for the implemented VCRs con-
sists of (n+1):x and x:(n + 1) conversions with x < n, where
{1, 2, 3, 4, 5, 6, 10}. Here, the VCRs are chosen
based on the implementation complexity and the induced
efficiency improvement. The unit charge-flow property of the
proposed AVFI topology enables the use of identical power
cells which can significantly simplify the multi-VCR imple-
mentation. However, to achieve full capacitance utilization for
all the targeted VCRs, the conventional brute force method
requires a total of 60 unit power cells which inevitably
increases the implementation complexity. To resolve this prob-
lem, we designed a partitionable power stage architecture
consisting of 10 MCs and 10 ACs with a sizing ratio of 5
(Fig. 13). The 10 ACs can either work as 10 individual small
cells in parallel with the 10 MCs for n = {1, 5, 10}, or be
grouped as two large cells to serve as two MCs for n =
{2, 3, 4, 6}. We implement both the MCs and ACs using the
modular rational cell structure from Fig. 14(a). Fig. 15 outlines
the corresponding partitioning modes for implementing the
targeted 24 VCRs. The connecting wires at the bottom of the
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Fig. 16. Power cell implementation.

ACs in Fig. 13 show the reconfigurability of all the 10 ACs to
achieve full capacitor utilization at different VCRs in Fig. 15,
where the ACs can be rearranged into either series or parallel
configurations. With the proposed partitionable power stage
architecture, the total number of cells can be reduced to 20,
leading to a threefold improvement when compared with the
conventional method.

C. Power Cell Implementation

Fig. 16 illustrates the implementation of the rational power
cell in Fig. 14(a), together with the schematic of the dynamic
body biasing N-/P-switch. Each cell contains six power
switches, with S71,72,73 and Sp12 B3 4 connected to Ciop
and Cypo; of the flying capacitor, respectively. Except for Spa,
all the other switches employ a DTMOS-based dynamic
body biasing technique [43] to enhance switch conductance
while ensuring proper biasing of substrate junction diodes.
St1-3 adopt P/N complementary switches that are alternately
activated in buck-boost modes to relax the possible volt-
age stress induced in their driver circuits, to be discussed
next. The target Voyur is around 1 V. Together with the
well-bounded bottom-plate voltage domains in both the buck
(from ViN to Vss) and boost (from Voyr to Vss) modes,
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these conditions enable the use of low-voltage transistors for
all power switches of Sg12, Sp3, and Sp4, effectively reducing
the driving loss especially in heavy load conditions. Because
of the targeted Vin range, a similar principle can be applied
to employ low-voltage switches on the top-plate side.

The top-plate switches St1,72,73 have three operating states,
including two enable states for P-switch and N-switch in the
buck and boost modes, respectively, and one disable state
in which both P-/N-switches are turned off. As an example,
Fig. 17(a) tabulates the three-state adaptive driving behaviors
for St3. The dual-phase operations, represented as @ and @5,
correspond to the switch-on and -off conditions, respectively.
Fig. 17(b)-(d) displays the exact three-state gate driving
behaviors for Sr3 in buck mode. Accordingly, the lowest
potential on Cip should be Voyr, which is also the supply
Vbp of the RSBD control circuit. For buck conversions, the
N-switch of Stz is kept disabled by tying its gate terminal
to Vpp. The use of P-switch instead of N-switch can prevent
possible device over-stressing in the RSBD control block
without using stacking devices.

D. Proposed RSBD

The bootstrapping technique is generally implemented to
enforce the switch gate—source voltage (Vgs) to maintain a
low on-resistance. Among the six power switches, St3 and Sp3
which connect Cyop and Cpop of adjacent power stages exhibit
the most driving challenge due to the wide terminal voltage
dynamics under different VCRs. The generated gate driving

(b)

(a) Circuit implementation of the proposed RSBD for S73 and (b) its operating status in buck conversion mode.

signal should accommodate the higher/lower potential side
across the switch accordingly.

Fig. 18(a) shows the RSBD circuit implementation.
To ensure proper driving rail selection for all the three
operation states, the proposed RSBD is realized by four
active function blocks (CP;, CP2, RCTy, and RCTgg) and
two disable blocks (DISq,1g0). All the active function blocks
operate in two active buck—boost operation states to realize
adaptive reference voltage selection and power switch driving
control. DISy,180 serves to properly turn off the power switch
in the disable state, during which all the four active function
blocks are also shut down. As mentioned in Section V-C,
the use of P/N power switches for S7i 72,73 reduces the
voltage stress on the state control circuits in Fig. 18. Specif-
ically, if using only N-switch, all the symbolic switches, and
logic cells as well as the disable function blocks should
sustain a voltage stress about three times of Vpp during the
switch-on driving state of the RSBD. In that case, even the
high-voltage transistor available in typical bulk CMOS process
(generally with ~2 Vpp voltage stress tolerance) cannot fulfill
the requirement. Even though this issue can be resolved by
transistor stacking, it will inevitably increase the internal
switching loss in the RSBD. Notice that although the exact
implementation and optimization is design and technology
specific, the proposed RSBD technique can still be generally
applied with appropriate modification accordingly.

Due to the fully differential implementation, the proposed
RSBD circuit is also applicable to multiple-branch interleaving
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converters with an even number of interleaved branches.
The RSBD is controlled through external signals en and v
to generate internal controls for switch enabling and mode
selection. As an example, the three-state driving operations
for the P-switch in S73 using the RSBD sub-building blocks
are detailed as follows.

1) Charge Pump CP> for Switch-on Driving: The driving
signal VGp,on,0 should be delivered to the 0° power branch
in @ to turn on the power switch Sr3_p as illustrated
in Fig. 17. During this phase, the gate voltage of St3_p should
be maintained as VGpon,0 = Vpass—VDD, Where Vpass is the
top-plate pass voltage on both C; and C;4;. The targeted
control signal is generated by the sub-building block CP»,
which is essentially a bi-directional charge pump circuit with
cross-coupled sampling and pumping switches, as shown in
Fig. 18(b). The clock signals (i.e., clkgp and clkjgg) are
switching between Vss and Vpp. Cp2,o generates the voltage
VGp,on,0 to turn on Srz_po on the 0° side. Meanwhile,
Cp2,180 samples the Vpug,0 from the 0° branch for generating
VGp,on,180 in the next clock phase. Furthermore, the Vpass
sampling control is internally generated by P;. Referring to
Fig. 18(b), the generated signal from CP; turns on Sp2_ 5,180 in
order that Vp,s5,0 can be sampled on Cpz,130. At the same time,
Sp2,p,0 is turned on (as Vpass,0—VGp,on,0 = VDD), connecting
Cp2,0 to St3—p,0 with the control voltage VGp,on,0-

Noteworthy, the charge sharing between Cps and the gate
terminal of the power switch can lead to a reduction of
the driving voltage from the desired level. Considering the
tradeoff between the driving level degradation and driver
area overhead, we select the capacitance of Cpy as approx-
imately six times the corresponding gate capacitance to
ensure the effective driving voltage above 85% of the desired
level.

2) Charge Pump CPy for Internal Control: Similar to CP»,
the sub-building block CP; is also a bi-directional charge
pump but for the RSBD internal control. During @,
Cp1,0 pumps out the internal control voltage Vpi o to turn on
SPp2,s,180, passing Vs from the 0° branch to charge Cp2,130.
It also turns on Sk, p,180 to deliver the switch-off control signal
VGp,off,180 to ST3—p,180 on the 180° side, where RCT3gp gen-
erates VGp,off,180. Simultaneously, Cp1 180 samples VGp,off,180
to generate the equivalent internal control in the next clock
phase. In @y, Vpy 130 turns off Sg p,o and Spa 5,0 to isolate
the 0° power cell from both RCT( and the 180° power cell.
Since the control switches inside the RSBD are much smaller
than the power switches, Cp; was set to 1/3 of Cps.

3) Rectifier RCTy,180 for Reference Selection: Both RCTy
and RCTgp provide adaptive reference selection across the
power switch, with the two PMOS and NMOS transistors
selecting the higher and lower levels between the two termi-
nals across a power switch, respectively. The control signals
eny and enp, shown in Fig. 18(a), serve to pass the selected
higher and lower levels, which are utilized in the buck and
boost modes, respectively. As illustrated in Fig. 17(c), turning
off S73_p requires connecting its gate terminal to the higher
potential side. In this case, the higher level selection circuit of
RCTgp generates the required signal VGp,off, 180, Which passes
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Fig. 19. Annotated chip micrograph of the converter prototype.

through switch Sg p,130 and then drives Sr3_p 180. Since
St3—p,0 is turned on, RCT( has no effect in this phase.

In this paper, the worst case voltage difference in the
reference selection circuit is ideally 0.44 V, which is mainly
limited by the minimum Vv of 0.22 V. From simulation,
it can be concluded that in the worst case (1:7 conversion)
the RCTy,180 block will induce a finite settling error, and
the resultant loss is negligible when compared with the other
converter losses.

4) Disable Blocks DISo,180: Referring to Fig. 17(d), when
St3—p is disabled, the gate voltage Vgp,gis should be con-
nected to the highest top-plate potential (i.e., VN in buck
mode) to ensure proper switch-off operation. The disable
function (determined by en and [v) is executed by the two
disable blocks [Fig. 18(b)] for the 0° and 180° branches.
During the disable state, the disable circuits connect the
P-switch gates to the highest top-plate voltage (i.e., Vin in buck
mode and Vout in boost mode). Similarly, they also connect
the N-switch gates to the lowest top-plate voltage (i.e., Vpp in
buck and Vsg in boost).

VI. CHIP IMPLEMENTATION AND MEASUREMENT

The proposed AVFI converter with 24 VCRs was realized
in 65-nm bulk CMOS, occupying an active area of 2.42 mm?.
Fig. 19 shows the annotated chip micrograph. We placed the
RSBDs and digital control in the center for dual branch power
cell control with 10 MCs and 10 ACs on the two sides. All
the flying capacitors employed vertical stacking of thin-oxide
MOS capacitors together with MIM capacitors (2 fF/um?),
resulting in a capacitance density of ~10 fF/um? (depending
on the MOS capacitor biasing condition). The on-chip Cqy and
output filtering capacitor Coyt are 8 and 6 nF, respectively,
where Coyr is distributed in each cell. The chip prototype
supports an input conversion range from 0.22 to 2.4 V, with
a regulated output between 0.85 and 1.2 V. The reference
voltage Vrgr for Vourt regulation was supplied externally.
With an external clock frequency of 25 MHz, load regulation
is accomplished using pulse-skipping modulation, with a target
output power level of >20 mW using a resistive load.

A. Conversion Efficiency

Fig. 20 shows the measured conversion efficiency over
different input voltage ranges. The measured peak power
conversion efficiency (#peak) is 84.1% for both Vour = 1
and 1.2 V. At Vour = 0.85 V, the measured #peax is 83.8%.
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Fig. 20. Measured power conversion efficiency over the entire VN range
and regulated at different Voyrt levels.

The corresponding output power densities are 13.4, 10.6, and
5.4 mW/mm? at Voutr = 1, 1.2, and 0.85 V, respectively.
A drop in 7peak can be observed at high VCRs in boost
mode due to the exponential increase in Rssp. Apart from
that the power loss from the regulation control blocks is also
becoming more significant due to the lower output current at
high VCRs. The peak efficiency occurs at around unity VCRs
due to the lower parasitic loss. It can also be observed that
not all VCRs can contribute to an efficiency improvement at
high output power as limited by the high Mss;, and MEsL.
For instance, the Mssy, and Mgsy, for 7:4 are higher than that
of 5:3 with reference to Figs. 8 and 9. However, both have
similar Mp,r as shown in Fig. 10. Consequently, the VCR
of 7:4 only covers a limited conversion range at Voyr =1 V
in Fig. 20(b) but achieves lower efficiency than that of 5:3 at
Voutr = 0.85 V in Fig. 20(c). The same argument applies to
the absence of ratio 2:5 in Fig. 20(c).

B. Power Range

Fig. 21 displays the measured output power range versus
efficiency for each VCR at Vouyr = 1 V, with distinct
load driving ability due to the difference in power stage
loss under different VCRs. The maximum output power is
up to 82 mW at 2:1, which exhibits the lowest Rggsr.. This
corresponds to a power density of 33.9 mW/mm? at 74.5%
efficiency. In addition, all the buck configurations can deliver
an output power of more than 30 mW thanks to the bounded
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Fig. 21. Measured output power range versus conversion efficiency for all
the implemented VCRs under Voyr =1 V.
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Fig. 22. Measured output waveforms without external filtering capacitor Cy,.

Mssp, according to (6). On the contrary, the boost VCR
configurations show a reduced driving capability as a result
of the exponentially increased Msgr.. For all the boost VCRs
not more than 1:2 (except from 3:5 whose Mggy is relatively
higher), the proposed converter can still deliver a loading
power level of >30 mW.

C. Output Transient

Fig. 22 depicts the measured output waveforms with a
stepped loading current (ljpag) between 4 and 25 mA at
6:5 and Voyr = 1| V using pulse-skipping modulation at
25 MHz (CLKsw). The step response of 5 us is mainly limited
by the measurement setup. It should be noted that a higher
output voltage transient droop is expected if a faster step is
applied to the system. The corresponding A Voyt is around
51 mV when [ljp,g = 4 mA with no external output filtering
capacitor. Further reduction in output ripple can be achieved
by increasing the number of interleaving branches.
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART WORKS
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This work D. Lutz C. K. Teh M. Saadat X. Hua Y. Lin J. Jiang
ISSCC'18 [39] ISSCC'16 [33] ISSCC'16 [28] ASSCC'15 CICC'15 ESSCIRC'17 JSSC'17 [30]
Technology 65nm CMOS H‘i}g\%s 65nm CMOS | 0.25um CMOS | 65nm CMOS (g/[s SI;‘ 130nm CMOS
Converter Type Buck-Boost Buck-Boost Buck-Boost Buck-Boost Buck-Boost Buck only Buck only
Number of 5 buck + 1 4 buck +4 3 buck +3
VCR 11 buck + 13 boost 8 buck + 9 boost boost boost boost 187 buck 6 buck
Integrated Cp, MOS + MIM MIM EMX t(;fn:l—l MIM N/A N/A External
Vi~ Range [V] 0.22 to 2.4 2to 13 0.85t03.6 0.6to 2.4 0.5t03.3 33 1.6 t0 3.3
Vour [V] 0.85to 1.2 5 0.1t0 1.9 1.2to 1.5 1 0.41t02.8 0.5t03
Tour max [mA] 80.1 4 10 0.1 0.0033 10 120
Buck: 84.1% Buck: 81.5 Buck: 95.8
o,
Tk [%0] Boost: 83.2" Boost: 70.9 Boost: 90.5 76 704 87 ol
Power Density 4
Buck: 13.4 *Buck: 0.96 % * %
@ Mpeax ) Boost: 10.8" *Boost: 0.15 N/A 0.062 0.0069 1 N/A
[mW/mm?]

"Estimated from the reported measurement results.

*Power from external sources such as external clock and voltage reference are not included.
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Fig. 23. Performance benchmarking with state-of-the-art fully integrated SC
converters in bulk CMOS and other special processes.

D. Performance Comparison and Benchmarking

Table I outlines the measured performance of the proposed
SCPC. This paper accomplishes the highest number of VCRs
among existing buck-boost designs. As the AVFI topology
intrinsically features lower parasitic loss than existing works,
a high power density up to 13.4 mW/mm? and a high
peak efficiency of 84.1% are concurrently achieved using the
MOS+MIM capacitors. When compared with the state-of-the-
art recursive buck—boost SCPC in [33], this paper implements
an increased number of VCRs and a higher peak efficiency,
as well as an improved power density by >13x.

Fig. 23 shows the benchmarking for state-of-the-art fully
integrated SC dc—dc converters, classifying designs with single
(solid markers) and multiple (dashed markers) VCRs. It can
be observed that the power density generally becomes lower
as the number of VCR increases. For fair comparisons,
Fig. 23 shows the comparison of this paper with other FVCR
designs in bulk CMOS (with number of VCR > 4). It can be

concluded that this design achieves a significant power density
improvement except for those using special processes.

VII. CONCLUSION

This paper proposed a systematic SCPC topology design
technique featuring fine-grained rational buck—boost VCR
generation with optimal Rssp, Rpsp, and Cpor parasitic loss
in contrast to existing methods. A partitionable power stage
architecture that consists of main and auxiliary power cells was
introduced to significantly reduce implementation complexity
with full capacitor utilization. Effective power switch-on/-off
operation over wide voltage dynamics was guaranteed by the
proposed RSBD. A fully integrated buck—boost SCPC with
24 rational VCRs was implemented in a standard 65-nm
bulk CMOS process, attaining 13.4 mW/mm? on-chip power
density at a peak conversion efficiency of 84.1%, which is
the state of the art among existing fully integrated FVCR SC
converter designs without using special processes.

REFERENCES

[1]1 G. Villar-Piqué, H. J. Bergveld, and E. Alarcén, “Survey and benchmark
of fully integrated switching power converters: Switched-capacitor ver-
sus inductive approach,” IEEE Trans. Power Electron., vol. 28, no. 9,
pp. 4156-4167, Sep. 2013.

[2] S.R. Sanders, E. Alon, H.-P. Le, M. D. Seeman, M. John, and V. W. Ng,
“The road to fully integrated DC-DC conversion via the switched-
capacitor approach,” IEEE Trans. Power Electron., vol. 28, no. 9,
pp. 4146-4155, Sep. 2013.

[3] M. Steyaert, T. Van Breussegem, H. Meyvaert, P. Callemeyn, and
M. Wens, “DC-DC converters: From discrete towards fully integrated
CMOS,” in Proc. IEEE ESSDERC, Sep. 2011, pp. 42-49.

[4] M. Steyaert, F. Tavernier, H. Meyvaert, A. Sarafianos, and N. Butzen,
“When hardware is free, power is expensive! Is integrated power
management the solution?” in Proc. IEEE ESSCIRC, Sep. 2015,
pp. 26-34.

[5] J.Li, J.-S. Seo, I. Kymissis, and M. Seok, “Triple-mode, hybrid-storage,
energy harvesting power management unit: Achieving high efficiency
against harvesting and load power variabilities,” IEEE J. Solid-State
Circuits, vol. 52, no. 10, pp. 2550-2562, Oct. 2017.

[6] X. Wu et al, “A 20-pW discontinuous switched-capacitor energy
harvester for smart sensor applications,” IEEE J. Solid-State Circuits,
vol. 52, no. 4, pp. 972-984, Apr. 2017.



3468

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

X. Liu, L. Huang, K. Ravichandran, and E. Sdnchez-Sinencio, “A highly
efficient reconfigurable charge pump energy harvester with wide har-
vesting range and two-dimensional MPPT for Internet of Things,” IEEE
J. Solid-State Circuits, vol. 51, no. 5, pp. 1302-1312, May 2016.

T. Ozaki, T. Hirose, H. Asano, N. Kuroki, and M. Numa, “Fully-
integrated high-conversion-ratio dual-output voltage boost converter with
MPPT for low-voltage energy harvesting,” IEEE J. Solid-State Circuits,
vol. 51, no. 10, pp. 2398-2407, Oct. 2016.

M. Alioto, E. Consoli, and M. J. Rabaey, “EChO reconfigurable power
management unit for energy reduction in sleep-active transitions,” /[EEE
J. Solid-State Circuits, vol. 48, no. 8, pp. 1921-1932, Aug. 2013.

N. Butzen and M. S. J. Steyaert, “Scalable parasitic charge redistri-
bution: Design of high-efficiency fully integrated switched-capacitor
DC-DC converters,” IEEE J. Solid-State Circuits, vol. 51, no. 12,
pp. 2843-2853, Dec. 2016.

N. Butzen and M. S. J. Steyaert, “Design of soft-charging switched-
capacitor DC-DC converters using stage outphasing and multiphase soft-
charging,” IEEE J. Solid-State Circuits, vol. 52, no. 12, pp. 3132-3141,
Dec. 2017.

H. Meyvaert, G. V. Piqué, R. Karadi, H. J. Bergveld, and
M. S. J. Steyaert, “A light-load-efficient 11/1 switched-capacitor DC-DC
converter with 94.7% efficiency while delivering 100 mW at 3.3 V,”
IEEE J. Solid-State Circuits, vol. 50, no. 12, pp. 2849-2860, Dec. 2015.
H. Meyvaert, T. Van Breussegem, and M. Steyaert, “A 1.65 W fully
integrated 90 nm bulk CMOS capacitive DC-DC converter with intrin-
sic charge recycling,” IEEE Trans. Power Electron., vol. 28, no. 9,
pp. 4327-4334, Sep. 2013.

T. M. Andersen et al., “A sub-ns response on-chip switched-
capacitorDC-DC voltage regulator delivering 3.7W/mm? at 90% effi-
ciency usingdeep-trench capacitors in 32 nm SOI CMOS,” in [EEE
ISSCC Dig. Tech. Papers, Feb. 2014, pp. 90-91.

G. V. Piqué, “A 41-phase switched-capacitor power converter with 3.8
mV output ripple and 81% efficiency in baseline 90 nm CMOS,” in [EEE
ISSCC Dig. Tech. Papers, Feb. 2012, pp. 98-99.

D. El-Damak, S. Bandyopadhyay, and A. P. Chandrakasan,
“A 93% efficiency reconfigurable switched-capacitor DC-DC converter
using on-chip ferroelectric capacitors,” in IEEE Int. Solid-State Circuits
Conf. (ISSCC) Dig. Tech. Papers., Feb. 2013, pp. 374-375.

R. Jain et al., “A 0.45-1 V fully-integrated distributed switched capacitor
DC-DC converter with high density MIM capacitor in 22 nm tri-gate
CMOS,” IEEE J. Solid-State Circuits, vol. 49, no. 4, pp. 917-927,
Apr. 2014.

R. Jain, S. T. Kim, V. Vaidya, K. Ravichandran, J. W. Tschanz,
and V. De, “Conductance modulation techniques in switched-capacitor
DC-DC converter for maximum-efficiency tracking and ripple mitigation
in 22 nm tri-gate CMOS,” IEEE J. Solid-State Circuits, vol. 50, no. 8,
pp. 1809-1819, Aug. 2015.

S. T. Kim et al, “Enabling wide autonomous DVEFS in a 22 nm
graphics execution core using a digitally controlled fully integrated
voltage regulator,” IEEE J. Solid-State Circuits, vol. 51, no. 1, pp. 18-30,
Jan. 2016.

B. Zimmer et al., “A RISC-V vector processor with simultaneous-
switching switched-capacitor DC-DC converters in 28 nm FDSOI,”
IEEE J. Solid-State Circuits, vol. 51, no. 4, pp. 930-942, Apr. 2016.
X. Zhang and H. Lee, “A reconfigurable 2x/2.5x/3x/4x SC DC-DC
regulator for enhancing area and power efficiencies in transcutaneous
power transmission,” in Proc. IEEE CICC, Sep. 2011, pp. 1-4.

Y. K. Ramadass and A. P. Chandrakasan, “Voltage scalable switched
capacitor DC-DC converter for ultra-low-power on-chip applications,”
in Proc. IEEE Power Electron. Spec. Conf., Jun. 2007, pp. 2353-2359.
H.-P. Le, S. R. Sanders, and E. Alon, “Design techniques for fully
integrated switched-capacitor DC-DC converters,” IEEE J. Solid-State
Circuits, vol. 46, no. 9, pp. 21202131, Sep. 2011.

G. V. Piqué, H. J. Bergveld, and R. Karadi, “A 1W 8-ratio switched-
capacitor boost power converter in 140 nm CMOS with 94.5% efficiency,
0.5 mm thickness and 8.1 mm?2 PCB area,” in Proc. IEEE Symp. VLSI
Circuits, Jun. 2015, pp. 338-339.

1. Vaisband, M. Saadat, and B. Murmann, “A closed-loop reconfigurable
switched-capacitor DC-DC converter for sub-mW energy harvesting
applications,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 62, no. 2,
pp. 385-394, Feb. 2015.

A. Sarafianos and M. Steyaert, “Fully integrated wide input voltage
range capacitive DC-DC converters: The folding Dickson converter,”
IEEE J. Solid-State Circuits, vol. 50, no. 7, pp. 1560-1570, Jul. 2015.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 53, NO. 12, DECEMBER 2018

[27]

[28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

A. Biswas, Y. Sinangil, and A. P. Chandrakasan, “A 28 nm FDSOI inte-
grated reconfigurable switched-capacitor based step-up dc-dc converter
with 88% peak efficiency,” IEEE J. Solid-State Circuits, vol. 50, no. 7,
pp. 1540-1549, Jul. 2015.

C. K. Teh and A. Suzuki, “A 2-output step-up/step-down switched-
capacitor DC-DC converter with 95.8% peak efficiency and
0.85-t0-3.6 V input voltage range,” in ISSCC Dig. Tech. Papers,
Feb. 2016, pp. 222-223.

Y. Lu, J. Jiang, and W.-H. Ki, “A multiphase switched-capacitor
DC-DC converter ring with fast transient response and small ripple,”
IEEE J. Solid-State Circuits, vol. 52, no. 2, pp. 579-591, Feb. 2017.
J. Jiang, W.-H. Ki, and Y. Lu, “Digital 2-/3-phase switched-capacitor
converter with ripple reduction and efficiency improvement,” [EEE
J. Solid-State Circuits, vol. 52, no. 7, pp. 1836-1848, Jul. 2017.

S. Bang, A. Wang, B. Giridhar, D. Blaauw, and D. Sylvester, “A fully
integrated successive-approximation switched-capacitor DC-DC con-
verter with 31 mV output voltage resolution,” in JEEE ISSCC Dig. Tech.
Papers, Feb. 2013, pp. 370-371.

L. G. Salem and P. P. Mercier, “A recursive switched capacitor
DC-DC converter achieving 2N _ 1 ratios with high efficiency over a
wide output voltage range,” IEEE J. Solid-State Circuits, vol. 49, no. 12,
pp. 2773-2787, Dec. 2014.

D. Lutz, P. Renz, and B. Wicht, “A 10 mW fully integrated
2-to-13 V-input buck-boost SC converter with 81.5% peak efficiency,”
in IEEE ISSCC Dig. Tech. Papers, Feb. 2016, pp. 224-225.

W. Jung, D. Sylvester, and D. Blaauw, “A rational-conversion-ratio
switched-capacitor DC-DC converter using negative-output feedback,”
in Proc. IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers,
Jan. 2016, pp. 218-219.

W.-H. Ki, Y. Lu, F. Su, and C.-Y. Tsui, “Design and analysis of on-chip
charge pumps for micro-power energy harvesting applications,” in Proc.
IEEE/IFIP Int. Conf. VLSI Syst.-Chip, Oct. 2011, pp. 374-379.

T. Tanzawa, “On two-phase switched-capacitor multipliers with mini-
mum circuit area,” [EEE Trans. Circuits Syst. I, Reg. Papers, vol. 57,
no. 10, pp. 2602-2608, Oct. 2010.

Y. Beck and S. Singer, “Capacitive transposed series-parallel topology
with fine tuning capabilities,” IEEE Trans. Circuits Syst. I, Reg. Papers,
vol. 58, no. 1, pp. 51-61, Jan. 2011.

M. D. Seeman, “A design methodology for switched-capacitor DC-DC
converters,” Ph.D. dissertation, Dept. EECS, Univ. California, Berkeley,
CA, USA, Tech. Rep. UCB/EECS-2009-78, May 2009.

Y. Jiang, M.-K. Law, P.-I. Mak, and R. P. Martins, “A 0.22-to-2.4 V-input
fine-grained fully integrated rational buck-boost SC DC-DC converter
using algorithmic voltage-feed-in (AVFI) topology achieving 84.1%
peak efficiency at 13.2 mW/mm?,” in IEEE ISSCC Dig. Tech. Papers,
Feb. 2018, pp. 422-423.

J. F. Dickson, “On-chip high-voltage generation in MNOS integrated
circuits using an improved voltage multiplier technique,” IEEE J. Solid-
State Circuits, vol. JSSC-11, no. 3, pp. 374-378, Jun. 1976.

H. Lee and P. K. T. Mok, “Switching noise and shoot-through current
reduction techniques for switched-capacitor voltage doubler,” [EEE
J. Solid-State Circuits, vol. 40, no. 5, pp. 1136-1146, May 2005.

F. Su, W. H. Ki, and C. Y. Tsui, “Regulated switched-capacitor dou-
bler with interleaving control for continuous output regulation,” IEEE
J. Solid-State Circuits, vol. 44, no. 4, pp. 1112-1120, Apr. 2009.

N. Lindert, T. Sugii, S. Tang, and C. Hu, “Dynamic threshold pass-
transistor logic for improved delay at lower power supply voltages,”
IEEE J. Solid-State Circuits, vol. 34, no. 1, pp. 85-89, Jan. 1999.

Yang Jiang (S’13) received the B.Sc. and M.Sc.
degrees in electrical and electronics engineering
from the University of Macau, Macau, China,
in 2009 and 2012, respectively, where he is currently
pursuing the Ph.D. degree in electrical and com-
puter engineering with the Electrical and Computer
Engineering Department, Faculty of Science and
Technology, and the State Key Laboratory of Analog
and Mixed-Signal VLSI.

His current research interests include fully inte-
grated dc power converters in bulk CMOS, espe-

cially on the design and analysis of switched-capacitor converter topologies
with innovative techniques.



JIANG et al.: AVFI TOPOLOGY

Man-Kay Law (M’11-SM’16) received the B.Sc.
degree in computer engineering and the Ph.D. degree
in electronic and computer engineering from the
Hong Kong University of Science and Technol-
ogy (HKUST), Hong Kong, in 2006 and 2011,
respectively.

In 2011, he joined HKUST as a Visiting Assistant
Professor. He was with the Zhejiang Advanced Man-
ufacturing Institute, HKUST, where he developed an
ultra-low-power fully integrated CMOS temperature
sensing passive ultra-high frequency (UHF) radio
frequency identification (RFID) tag together. He is currently an Associate
Professor with the State Key Laboratory of Analog and Mixed-Signal VLSI,
Faculty of Science and Technology, University of Macau, Macau, China.
He has authored and co-authored over 80 technical journals and conference
papers. He holds six U.S. patents. His current research interests include
the development of ultra-low-power sensing circuits and integrated energy
harvesting techniques for wireless and biomedical applications.

Dr. Law is a member of the Technical Program Committee of Asia Sym-
posium on Quality Electronic Design, the IEEE International Symposium on
Circuits and Systems (ISCAS), Biomedical Circuits and Systems Conference
(BioCAS), International Symposium on Integrated Circuits (ISIC), a ITPC
Member of the IEEE International Solid-State Circuits Conference (ISSCC),
and the University Design Contest Co-Chair of Asia and South Pacific Design
Automation Conference (ASPDAC). He was a co-recipient of the ASQED
Best Paper Award in 2013, the A-SSCC Distinguished Design Award in
2015, and the ASP-DAC Best Design Award in 2016. He was a recipient
of the Macao Science and Technology Invention Award (Second Class) by
the Macau Government—FDCT in 2014 and 2018. He serves as a Technical
Committee Member of the IEEE CAS Committees on Sensory Systems and
the IEEE CAS Committee on Biomedical Circuits and Systems.

Pui-In Mak (S’00-M’08-SM’11) received the
Ph.D. degree from the University of Macau (UM),
Macau, China, in 2006.

He is currently a Full Professor with the Depart-
ment of Electronic and Computer Engineering,
Faculty of Science and Technology, UM, where he
is also an Associate Director (Research) with the
State Key Laboratory of Analog and Mixed-Signal
VLSI. His current research interests include analog
and radio frequency circuits and systems for wireless
and multidisciplinary innovations.

Dr. Mak was the TPC Vice Co-Chair of ASP-DAC in 2016, a TPC
Member of A-SSCC from 2013 to 2016, the ESSCIRC from 2016 to 2017,
ISSCC since2016, and a member of Board-of-Governors of the IEEE Circuits
and Systems Society from 2009 to 2011. He has been the Chair of the
Distinguished Lecturer Program of IEEE Circuits and Systems Society since
2018. He was a co-recipient of the DAC/ISSCC Student Paper Award in 2005,
the CASS Outstanding Young Author Award in 2010, the National Scientific
and Technological Progress Award in 2011, the Best Associate Editor of
the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS II from 2012 to
2013, the A-SSCC Distinguished Design Award in 2015, the ISSCC Silkroad
Award in 2016, and the Honorary Title of Value for Scientific Merits by
the Macau Government in 2005. He was an Editorial Board Member of
the IEEE Press from 2014 to 2016. He was the Senior Editor of the
IEEE JOURNAL ON EMERGING AND SELECTED TOPICS IN CIRCUITS AND
SYSTEMS from 2014 to 2015, an Associate Editor of the IEEE JOURNAL
OF SOLID-STATE CIRCUITS since 2018, IEEE SOLID-STATE CIRCUITS
LETTERS since 2017, and the IEEE TRANSACTIONS ON CIRCUITS AND
SYSTEMS I from 2010 to 2011 and from 2014 to 2015, and the IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS II from 2010 to 2013. He was
a Distinguished Lecturer of the IEEE Circuits and Systems Society from
2014 to 2015 and the IEEE Solid-State Circuits Society from 2017 to 2018.
He has been inducted as an Overseas Expert of the Chinese Academy of
Sciences since 2018.

3469

Rui P. Martins (M’88-SM’99-F’08) was born
in 1957. He received the bachelor’s, master’s, Ph.D.,
and the Habilitation degrees for Full Professor
in electrical engineering and computers from the
Department of Electrical and Computer Engineer-
ing, Instituto Superior Técnico (IST), University of
Lisbon, Lisbon, Portugal, in 1980, 1985, 1992 and
2001, respectively.

Since 1980, he has been with the Department of
Electrical and Computer Engineering, IST. Since
1992, he has been on leave from IST. He is currently
with the Department of Electrical and Computer Engineering, Faculty of
Science and Technology (FST), University of Macau (UM), Macau, China,
where he has been a Chair Professor since 2013. From 1994 to 1997, he was
the Dean of the Faculty of the FST. Since 1997, he has been a Vice-Rector
with the University of Macau. Since 2008, after the reform of the UM Charter,
he has been nominated after open international recruitment, and reappointed
(in 2013), as a Vice-Rector (Research). He was a Co-Founder of Chipidea
Microelectronics (now Synopsys Macau), in 2011/2012. As the Founding
Director, he created in 2003 the Analog and Mixed-Signal VLSI Research
Laboratory of UM, which is elevated in 2011 to the State Key Laboratory of
China (the 1st in Engineering in Macao). Within the scope of his teaching and
research activities, he has taught 21 bachelor and master courses and, in UM,
has supervised (or co-supervised) 45 theses, Ph.D. (24) and Masters (21).
He has co-authored 7 books and 11 book chapters, 442 papers, in scientific
journals (141) and in conference proceedings (301), and other 64 academic
works, in a total of 554 publications. He holds 28 U.S. patents and 22 Taiwan
patents.

Dr. Martins was a Nominations Committee Member of the IEEE Circuits
and Systems Society (CASS) in 2016 and 2017 and a member of the IEEE
CASS Fellow Evaluation Committee in 2013, 2014, and 2019. He was a
Founding Chairman of both the IEEE Macau Section from 2003 to 2005 and
the IEEE Macau Joint-Chapter on CAS/Communications from 2005 to 2008
(2009 World Chapter of the Year of IEEE CASS). He was the General Chair
of the 2008 IEEE Asia—Pacific Conference on CAS—APCCAS’2008 and a
Vice President of Region 10 (Asia, Australia, and the Pacific) of the IEEE
CASS from 2009 to 2011. He was a Vice President (World) of the Regional
Activities and a member of the IEEE CASS from 2012 to 2013. He has
been a member of the IEEE CASS Fellow Evaluation Committee (2013,
2014, and 2019), and was the CAS Society Representative in the Nominating
Committee, for the election in 2014, of Division I (CASS/EDS/SSCS)—
Director of the IEEE. He was the General Chair of the ACM/IEEE Asia
South Pacific Design Automation Conference—ASP-DAC’2016. He was the
Chair of the IEEE CASS Fellow Evaluation Committee (Class 2018). In the
representation of UM was one of the Vice Presidents from 2005 to 2014 and
the President from 2014 to 2017 of the Association of Portuguese Speaking
Universities. In 2010 was elected, unanimously, as a Corresponding Member
of the Portuguese Academy of Sciences in Lisbon, is the only Portuguese
Academician living in Asia. He was a recipient of two government decora-
tions: the Medal of Professional Merit from Macao Government (Portuguese
Administration) in 1999, the Honorary Title of Value from Macao successive
approximation register (SAR) Government (Chinese Administration) in 2001,
the IEEE Council on Electronic Design Automation Outstanding Service
Award in 2016, and nominated the Best Associate Editor of TRANSACTIONS
ON CAS II from 2012 to 2013. He served as an Associate Editor for the
IEEE TCAS II: EXPRESS -BRIEFS from 2010 to 2013.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


