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A Hybrid, Fully-Integrated, Dual-Output DC-DC
Converter for Portable Electronics

Samiran Dam

Abstract—This article describes a hybrid, dual-output dc-dc
converter suitable for low-power application. It consists of in-
ductor based subconverter providing one output, which is cas-
caded with a switched-capacitor based subconverter providing
the second output. The converter uses bondwire inductance, and
on-chip metal-oxide-semiconductor (MOS) capacitance to realize
the passive components making it a fully-integrated solution. For
target specification of output voltage levels, and input voltage
range, the stepped-up output is generated by the inductor-based,
high-frequency, voltage-mode boost converter. And, a switched ca-
pacitor based, frequency-controlled step-down converter generates
the second output. The hybrid converter uses a 7-filter to attenuate
the switching ripple to an acceptable value. The filter also helps to
isolate the internal ground from the noisy power ground connected
to boost converter power stage. By the virtue of time-interleaved
switching pattern, switching noise induced in its supply rails by
the S-C stage is significantly less, which makes the S-C stage an
equivalent quiescent load to the boost stage. A prototype of the
proposed hybrid converter has been designed, and implemented in
0.18-z2m CMOS process. It consumes 0.82 mm? area, and provides
—1.45V,and 3.2 V from an input voltage varying from 1.2 Vto 2.7V
at an efficiency > 52% (maximum 77 %) for all load conditions.

Index Terms—Cross dc-dc,

switched-capacitor.

regulation, inductor,

ripple,

I. INTRODUCTION

HE unprecedented development of semiconductor technol-
T ogy in last two decades has seen a proliferation of portable
solutions in the consumer and wireless electronics markets. Con-
tinuous shrink of device dimensions into the subhundred nano-
meter regimes has enabled integration of various subsystems
on a single chip resulting in compact system-on-chips (SoC).
However, this closely packed mixed-signal integration on a
single silicon real estate ensues several design requirements and
associated challenges. One of these challenges is the requirement
of multiple, on-chip power supply domains [1].
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These portable devices are predominantly powered by
rechargeable batteries. Output voltage of a fully-charged battery
decreases slowly with time. This imposes specific requirements
from the de—dc converters for portable, battery-operated systems
such as a good line regulation against an input voltage having
wide range of variation. For example, a typical Ni-MH battery
voltage varies from 1.5 V to 1.0 V and a typical Li-ion battery
exhibits maximum voltage of 4.1 V and minimum voltage of
3.0 V [2]. Similarly, a Li-Titanate or LTO battery (a modified
version of Li-ion battery) has voltage variation, typically from
2.7V to 1.5 V [2]. So, the converter must have the capability to
regulate its output voltage against a widely varying input supply
voltage. On the other hand, in a mixed-mode and mixed-voltage
SoC, more than one on-chip supply voltages are essential. Power
efficiency of the converter should also be as high as possible
to support extended run-time of the system. Another important
design consideration is the converter’s geometry, which is pri-
marily dominated by the sizes of the passive components. For a
compact design solution, it is preferable to integrate the passive
components so that it is feasible to implement the complete
converter unit along with its application circuits within the same
die. Moreover, integrating the converter with the application
circuits eliminates the problem of load transient spikes caused by
inductance from package and global power grid [3]. In summary,
a compact, on-chip de—dc converter providing multiple supply
voltages from a widely varying input voltage is essential for a
low-power, battery-operated, portable device.

Generation of multiple regulated supply voltage levels from a
single input supply may be accomplished by dedicated point-of-
load regulators for each of the loads. However, it proportionately
increases the number of required off-chip components resulting
in more printed circuit board (PCB) area. An area-saving alter-
native could be the use of a single inductor that can store and
deliver energy (on a time-sharing basis) for multiple loads [4],
[5]. It is more popularly referred to as single inductor multiple
output (SIMO) converter. In the SIMO converters, while the
number of inductor reduces to one and the number of power
switches gets reduced, the number of filter capacitor, however,
remains the same, because each of the outputs needs dedicated
capacitor. Even if the single inductor is kept off the chip, it still
needs big (enough to filter the switching ripple) capacitors to
be integrated [6], this is a hindrance to design a fully-integrated
SIMO converter. So, most of the integrated SIMO converters
found in literature used off-chip inductor and capacitors and
then integrated the rest of the circuit [7], [8].
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In recent times, switched-capacitor (also known as charge-
pump) based topologies have emerged as popular alternative
to achieve fully-integrated dc—dc converter solution particularly
for low-power applications [9]-[15]. The reason is feasibility
of complete integration of S-C-based converters with the load
circuitry on the same die using on-chip MOS capacitor exhibit-
ing very good quality factor and capacitance density. It enables
the designers to avoid external inductor, which eliminates the
detrimental effect caused by the package parasitic especially,
ground bounce produced by large current peak. Moreover, it
is easier to implement time-interleaved versions [16]-[19] of
S-C-based topologies on the chip. It may be noted that the
cost overhead due to increase in capacitor and switch count in
the time-interleaved topologies is negligible for on-chip com-
ponents. Time-interleaving technique essentially reduces the
required value of output capacitance used to filter the switching
ripple. Some recent works [20] have even developed functional
prototypes of output capacitor-less S-C-based converter using
time-interleaving technique. However, there are few practical
limitations of the S-C-based converters. An S-C-based converter
provides best power efficiency only for a fixed conversion ratio
and deviating from the optimal conversion ratio leads to high
loss of power efficiency. Also, regulation of S-C-based converter
is different than that of an inductor-based converter. Typically,
frequency of the switching clock is varied to modulate the
equivalent output impedance of the converter to achieve the
regulation [18], [19]. However, converter output impedance
is practically limited by “ON” resistance of power switches
resulting in loss of regulation beyond a limit. So, to regulate
the converter for a large line/load variation, a series linear
regulator [21], [22] is used at the cost of power efficiency.

Therefore, the S-C-based converter, although edges ahead in
terms of on-chip integration. On the other hand, an inductor-
based converter provides power-efficient regulation against a
widely varying line voltage and load current. So, hybridization
of the two classes of converter can help to blend their merits
and overcome the respective shortcomings to good extent. In
this article, we demonstrate an in-package-integrated, inductor,
and switched-capacitor based hybrid dc—dc converter, which can
provide two regulated output voltages from a widely varying,
single input supply. It uses on-chip capacitance and bondwire
inductance resulting a compact power management unit. The
contribution of this article is a design solution to the integration
issues of a fully-integrated, hybrid dc—dc converter architecture.
This article also analyses the cross-regulation effect between the
two converters.

The rest of this article is organized as follows. The state-of-
the-art hybrid architectures are discussed in Section II followed
by the system requirement and design consideration of our proto-
type being explained in Section III. In Section IV, design details
of the proposed hybrid converter are presented. Experimental
results and performance comparison are discussed in Section V.
Finally, the conclusion is drawn in Section VI.

II. STATE-OF-THE-ART HYBRID ARCHITECTURES

Most of the existing hybrid converters [23]-[25] consist of
switched-capacitor-based front-end power stage (may or may
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not be regulated) followed by regulated, inductor-based conver-
sion stage, as shown in Fig. 1(a). Benefits of these architectures
are mainly threefold. First, the S-C stage steps the input voltage
down by a large fraction. Thus, the inductor-based stage faces a
scaled-down range of input voltage and, hence, can work with-
out running into the problem of duty-cycle saturation. Second,
voltage stress on the power switches of the inductor-based stage
reduces making it possible to use lower-voltage devices, which
take lesser chip area. Third, a higher pulse width modulation
(PWM) frequency can be used for the inductor-based stage
because of the low-voltage switching devices. This makes it
possible to reduce the required inductance value and, hence,
size of the off-chip inductor. It may be noted that all these
hybrid converters are designed using discrete components to
provide high power output at very high efficiency. However,
a hybrid solution for integrated power management unit is a
nascent design concept till date. Kudva ef al. [26] presented a
fully-integrated hybrid converter to enhance power efficiency of
an inductive buck converter for high conversion ratio by mode
switching to a parallel capacitive step-down unit. In this arti-
cle, we demonstrate an integrated hybrid architecture targeting
low-power applications.

III. SYSTEM REQUIREMENT AND DESIGN CONSIDERATIONS

Primary design consideration of the hybrid converter pre-
sented in this article is to integrate all the passive components
on chip or inside the IC package. The hybrid converter must
also satisfy the system requirement of generating two well-
regulated, fixed output voltages from a variable input voltage.
This mandates that the S-C converter stage also provides a
regulated output. However, it suffers from poor line regulation
for a wide input range and exhibits good power efficiency only
around the output voltage level defined by its fixed conversion
ratio. So, it is inevitable that the inductor-based converter is
placed at the front-end of the system so that it can provide
a regulated output voltage level from an unregulated supply.
Then, the subsequent S-C stage can process the output of the
inductor-based stage to provide another regulated output voltage
level with maximum possible efficiency. An architecture with
the inductor-based converter as front-end stage is illustrated in
Fig. 1(b).

The next step is to consider circuit level implementa-
tion/integration issues, which influence the design of each of
the converter stages. The first one of these issues is ground
bounce. As shown in Fig. 1(b), the internal (on-chip) ground is
separated from the external, clean ground by package bondwire
inductance, Ly, Pulsed current flowing through the power
switch connected to the power ground produces a ringing (due
to significant parasitic inductance Li,,) in the power ground.
This ringing is referred to as the ground bounce and amplitude
(AViounce) Of the ringing can be quantified by

di
par ey
where di/dt represents the rate of change of current through Lypg,.
Now, as illustrated in Fig. 1(c), using a small power inductance,
Ly induces a large inductor current peak resulting in a very
high ‘‘di/df’, which essentially creates a large ground bounce

AVi)oun(:e =1L
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(a) Hybrid converter having S-C converter as the first stage and single output voltage. (b) Hybrid converter having inductor-based converter as the first

stage and two output voltages. (c) Pulsed current waveform in buck and boost converters.

400mVv.

260mV+

120mV+

-20mV+

-160mV]

-300mV-

M.7us  11.720s  11.74us

Fig. 2. Simulated ground bounce.

amplitude. Moreover, a smaller inductance inevitably imposes
that a higher switching frequency be used and hence the switch-
ing period becomes smaller compared to the time required for
the power ground ringing to decay. A typical simulation result
of the bounce in the power ground of a boost converter with
Ly =20nH and Ly, = 1 nH is shown in Fig. 2. The simulated
peak-to-peak amplitude of the noise in the power ground is close
to 0.55 V, which is quite high for an analog block working with
a 1.5 V supply. The situation may become very critical design
bottleneck for the cascaded architecture shown in Fig. 1(b) as it
is not possible to use a separate and clean ground line (instead
of the common power ground) for the S-C stage. So, it becomes
an inevitable design requirement to maintain the ground bounce
within tolerable limit either by using high L, (to reduce di/dt)
or by decreasing Lpq,.

The next implementation issue is the switching noise injected
to the output of the first stage [see Fig. 1(b)] by the cascaded
S-C-based stage. In general, input current of the S-C-based
converter contains high spikes due to periodic charging of flying
capacitor/s. These high current spikes tend to destabilize the
first-stage output unless a very high filter-capacitor (C) is used
to suppress the switching noise as mentioned in [24]. This
requirement imposes a limitation to integrate the intermediate
capacitor unless suitable measure is taken to reduce input noise
of the S-C stage.

IV. PROPOSED ON-CHIP HYBRID CONVERTER

The proposed hybrid converter is presented in Fig. 3(a). It is
a cascade connection of an inductor-based boost stage and an
S-C-based step-down stage.

It may be noted that the boost converter supplies the load
current, /1 to the boost port as well as supports the input current,

IC Package

Boost stage | L

Vo

Yot T

Step-down
.:| Stage loz

= E

11 time-interleaved,
identical S-C stages

Controller

(b)

Fig. 3.
stage.

(a) Proposed hybrid, dual-output converter. (b) S-C-based step-down

11, of the step-down converter. So, its load regulation is designed
by taking both Ips and I7; into account. The boost stage also
maintains a steady output voltage level, which is higher than the
input (V7). The step-down converter, on the other hand, generates
the second voltage level, which is half of the boost output. In this
architecture, the input of the step-down converter is regulated by
the boost stage and, hence, is not affected by the variation of the
primary input supply line. So, the step-down stage always works
with a fixed input voltage, which helps to design it optimally for
delivering power with high efficiency. Design specification of
the hybrid converter is shown in Table I. Input voltage is from
1.5 to 2.7 V. Target output of the boost converter is 3.3 V while it
supplies a quiescent load having relatively less fluctuations. On
the other hand, target output of the step-down converter is 1.5 V.
It may be noted that the boost converter, along with its specified
maximum load current of 50 mA, must deliver the input current
drawn by the step-down converter. The input current drawn by
the step-down converter is nearly half of its load current. So,
effectively, the boost converter needs to support maximum load
of 62.5 mA.
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TABLE I
HYBRID CONVERTER SPECIFICATION

Parameter Value
Input voltage (V7) 1.5-27V
Vo1 33V £ 5%
Ilo1 50 mA
Voa 1.5V £ 5%
loo 25 mA
Ripple < 1%
connection on PCBk
{ package
N Lyire Rgesr
to IC
core
> T Crv Crap T
%wire/ = =
(@ (b)
Fig. 4. (a) Bondwire connection. (b) Bondwire model.
TABLE II
BONDWIRE PARAMETERS
Parameter Value
Material Gold (Au)
Diameter 1.2 mil (30.48 pm)
Self-inductance 0.95 nH/mm
Ki 0.56
Series resistance (ESR) 35 mf)mm

*Coupling coefficient between two adjacent bondwires.

A. Boost Stage

The boost stage of the hybrid converter is a conventional boost
converter followed by a w-filter formed by Cy, Ly, and C; [27].
The filter capacitors C; and C, have been implemented on chip
using high density MOS capacitance. The filter inductor, Ly
has been realized using bondwires. Design value of the primary
inductor, L; (although it is connected as an external component
in the prototype) has been chosen in such a way that it can also
be implemented by standard package bondwires. The prototype
has been packaged in a 44 pin CLCC package. As shown in
Fig. 4(a), six bondwires are connected in series to realize L.
The zig—zag arrangement of the wires and alternate directions
of current through adjacent bondwires give rise to a magnetic
coupling effect. It effectively increases the overall inductance.

For each of the bondwires, the equivalent electrical model
shown in Fig. 4(b) has been used for simulation. The values of
Lyire and Rgsgr have been calculated based on the data provided
by the manufacturer, which are enlisted in Table II. Total nominal
inductance of 30 nH has been used in the simulation. The reader
is encouraged to study [27] for a detailed design description of
the boost stage.

The m-filter helps to attenuate the output ripple significantly,
even using on-chip capacitance much smaller compared to that
used by the existing integrated converters. The amount of ripple
suppression provided by the 7-filter in the prototype design is
shown in Fig. 5 by the simulated waveforms of voltages Vint
and V1. In this design, the switching frequency (=120 MHz) is
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Fig. 5. Simulated ripple suppression by the m-filter.

chosen to be significantly higher than the two complex-conjugate
pole pairs arising due to the w-filter structure. As a result, the
filter provides a good attenuation at the switching frequency. The
obtained attenuation is more than that provided by a traditional
filter comprising of one output capacitor (equal to the total capac-
itance used in the 7-filter) manifesting one complex-conjugate
pole pair. In other words, to attain same amount of suppression,
the value of one output capacitance in traditional filter would be
much higher than the sum of two capacitance used in the 7-filter.
It is important to note that apart from ripple-suppression, the
m-filter also isolates the analog ground (agnd) from the noisy
power ground (pgnd), which is discussed in Section IV-D.

The boost converter is regulated by a voltage-mode PWM
scheme. The duty-to-output transfer function is shown in (2).
Detailed derivation of the transfer function can be found in [27]

0o(8) ass + ay

G, = — = . 2
als) d(s)  bas* +byst+ bys? +bys + 1 2)

The coefficients of the abovementioned transfer function are

o — ViLiA?
2= D/4RL
- Vi D/27‘Lf —Tr1 D (27‘0N2 - 7"0N1) + Drony
“= e DR, D
LlLfclcg)\ 1 Tpar rLf
by = —pz b3 = by | 5— -
RLCQ Ly Lf
1 1 D”? ToarTL
by =b par 27
2= [Lfc1 Y6 o T LI
+ Tpar TLf
RLLng RLLfCQ
N (R0 R ey
RLLlLfClCQ LlLfCng
+ Tpar"'L f D/erf
RpLyCy  LiLyCy

_ D/2RL _ !
where A = m, Tp;_u— = (DTONl + D ToN2 + TLl),

D is the duty ratio, [y, is load resistance, 7,y and rr,1 are DCRs
of Ly and L, respectively, and 7ox1 and 7ono are on-resistance
of the NMOS and PMOS switches, respectively. It may be noted
that the power-stage of the converter consists of two resonating
poles (w1 = D'/\/L1(C1+C2) and wy = VO1+C2/, /T,:C1C,) [27]
as opposed to one resonating pole in the conventional boost con-
verter. Traditionally, type-III technique is used to compensate
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Fig.6. Frequency response of the compensated control loop of the boost stage;

worst-case: Vi = 1.8 V, load current = 60 mA, best-case: V; = 2.7 V, and load
current = 10 mA.

the effect of the single resonant frequency appearing before the
gain-crossover frequency (f,.) in a conventional boost converter
topology. But, in case of the proposed converter, if f,. is placed
beyond wy and wo, then compensating their combined effects is
difficult. In this prototype, we have used a simpler dominant-
pole compensation technique, which limits the loop-bandwidth
(f4¢) though. Frequency response of the compensated loop-gain
(obtained by periodic steady-state analysis of the actual design)
is shown in Fig. 6.

B. Effect of Component Variation

It was anticipated that the actual value of inductance may
significantly vary from what is used as in typical in simulation.
Hence, sufficient design margin should preferably be kept by
placing f,. approximately at one tenth of the typical value of w;
so that, even if L; increases significantly, w; remains far from
fge- On the other hand, if L; decreases then the stability of the
feedback loop does not degrade, however, the inductor current
ripple increases yielding higher rms power loss. In addition,
the output voltage ripple is affected by the variation of the
filter inductance. If Ly decreases, the output ripple increases. In
the present design, assuming +30% variation over the nominal
design values of both L; and L, a frequency domain analysis
of compensated loop gain 7'(s) [27] at the maximum load
(worst-affected case) has been carried out in MATLAB. The
corresponding bode plot of T'(s) shown in Fig. 7. As expected,
it is evident from the figure that w; remains satisfactorily higher
than f,. even with L; = 78 nH and, hence, the loop stability is
hardly affected. The fact is also corroborated by the simulated
transient response of the transistor-level design for a load step
of 0 to 60 mA and vice versa, as shown in Fig. 8. It has
been observed from simulation that the power-stage efficiency
(excluding the control circuit loss) varies from 74% to 87%
for £230% variation of Ly and L with respect to their nominal
values. And, the corresponding output voltage ripple varies from
9mV to 37 mV.

Similar to the bondwire inductance, C; and Cy may also
change due to process variation. If the capacitance decreases,
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Fig. 8. 0—60 mA load-step response with £30% L variation.

there is no impact on the stability but output ripple increases. On
the other hand, if capacitance increases, both w; and wy move
closer towards f,. but the said design margin is sufficient able to
tolerate that variations. In the prototype design, 30% increase in
L1, Cq, and Cy decreases wq from 10.3 MHz to 7.9 MHz, which
is a 23.4% reduction over the nominal value and it barely affects
the loop stability.

C. Step-Down Stage

The step-down stage, as illustrated in Fig. 3(b), is realized
by a switched-capacitor (SC) converter architecture developed
using time-interleaved, series-parallel topological units. The
four switches of each unit are realized using low-Vp, 1.8-V
transistors available in the process to have lower Roy X C com-
pared to that of high-Vp, 3.3 V transistors. Flying capacitance
of 60 pF in each of the units are implemented by normal 1.8 V
device as it provides maximum on-chip gate-capacitance density
resulting in maximum possible power density of the converter
stage.

Switching pattern of the eleven converter units are governed
by the nonoverlapped rotational time interleaved (NRTT) switch-
ing scheme [18], [19]. It is a regularized switching pattern,
which helps to improve both ripple performance and power
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Fig. 9. NRTI switching pattern of the SC converter units.

efficiency of the SC converter. For an N-stage NRTI, the duty
ratio of each clock phase is equal to [(N-1)/2n] x 100% and
the nonoverlapping duration between the charging and pumping
phases is equal to 1/2NFs. In N converter units, there are N
number of identical flying capacitors each one of which has the
capacitance of Cr/N where C'r is the total flying capacitance. At
any given time instance, (N — 1) capacitors are active, half of
which is in charging (C) state, half is in discharging or pumping
(P) state, and the remaining capacitor is in floating (F) state.
So, the flying capacitance utilization factor is ¥-1/n. Hence,
the number of stages should be more to increase the utilization
factor. Fig. 9 shows states of the flying capacitors in eleven units
(S-1to S-11) in one cyclic period (Ts).

Internal schematic of the pulse frequency modulating (PFM)
controller is shown in detail in Fig. 10(a). It comprises of a clock
signal generation block and an error amplifier. The clock signal
generator consists of two stacked voltage-controlled oscillator
(VCO) [28] followed by two stacked NRTT signal generators
and then the gate drivers. It may be noted that the stacked
VCOs, stacked signal generators, and stacked gate-drivers used
to generate synchronous switch signals for the upper and the
lower voltage domains, namely, Vo1 —V1/2 and Vp1/2—0.
The stacked architecture works on the principle of current shar-
ing between the stacked stages. Symmetrical switching activities
in the stacked blocks powered in the two voltage domains set the
intermediate supply line close to V1/2 without any regulation.
The stacked VCO generates 22 clock phases ($yy<1:22> and
® 7 <1:22>) in each of the voltage domains and corresponding
phases in two voltage domains are synchronized with each other.
Frequency of the clock phases are modulated by the input control
voltage (V1) of the VCO bias generator, which produces the
bias voltages (Vpy and V1) for VCO-1 and VCO-2, respec-
tively. Further details of this block are not discussed in this article
and readers are encouraged to refer to [28] for more details about
this block. The VCO phases are logically combined to derive
the required NRTI phases (Po<1:11> and ®p<1:11>) for
the eleven-unit converters. Switches M; and My [see Fig. 3(b)]
are driven by NRTI gate signals ($;<1:11> and ®,<1:11>)
from the upper voltage domain, whereas, switch M3 is driven
by gate signal ($3<1:11>) from the lower voltage domain.
Corresponding NRTI gate signals from the two voltage domains
are combined to create the NRTT signal (Po<1:11>) having
full rail-to-rail (0=V;) voltage swing for the switch Ms.
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This strategy ensures that gate-oxide of none of the switches
is overstressed.

Load regulation of the converter is achieved through control-
ling the VCO frequency by the output voltage of a compensator.
The compensator is an error-amplifier having dominant pole
at its output. The loop gain transfer function is given by the
following equation:

T(S) = _KVCO X Av(s)

X
>

3)

where Kyco is the voltage-to-frequency conversion gain of
the VCO, Ay (s) is the compensator transfer function, and

Boul) §5 the frequency-to-converter output resistance transfer

f(s)
function. The loop-stability has been analyzed by simulating
a macromodel. The macromodel is explained in Section I'V-E.
Frequency response of the compensated loop-gain is shown in

Fig. 11.

D. Merits of the Proposed Architecture

1) Isolation of Analog and Power Grounds: Ground rail
of the S-C-based step-down stage is less contaminated by its
switching noise because of the NRTI-defined time-interleaved
switching of multiple smaller power-stage units. Hence, it can
be regarded as an analog (quiet) ground and shared by all
other analog subcircuits of the hybrid converter. However, it
is necessary that this analog ground is same as the ground
of the output of the preceding boost stage. Advantage of the
proposed hybrid converter, as shown in Fig. 3(a), is that the
topological isolation provided by the 7-filter section between
the power ground (which is noisy) and output ground helps to
connect the later to the chip analog ground. As shown in Fig. 12,
peak-to-peak amplitude of the simulated switching noise [for
Ly =20nH, Ly = 1 nH, and Ly,r2 = 5 nH] in the analog and
power grounds are 96 mV p-p and 0.55 V, respectively.

2) Minimized Coupling of Switching Noise: The S-C step-
down stage appears as an additional load to the boost stage.
In general, the input current profile of a S-C converter contains
high in-rush spikes, which may disrupt the load regulation of the
boost converter, unless sufficiently large output filter capacitance
(C) is used. However, by the virtue of NRTI switching scheme,
in-rush current spike contained in the transient profile of I is
quite low. So, the S-C stage appears as an equivalent quiescent
load to the boost stage. As shown in Fig. 13, simulated switching
ripple of I75 is 10 mA, which ensures that a small on-chip filter
capacitance (0.54 nF) at the boost output stage is sufficient to
satisfactorily filter out the in-rush current noise of the S-C stage.

E. Cross Regulations

Cross-regulation characteristic of the proposed hybrid con-
verter has been analyzed using a macromodel illustrated in
Fig. 14, which consists of two parts—macromodel of the boost
stage and that of the step-down stage. The former consists of
ideal switches and ideal error-amplifier, ideal comparator model,
and passive components. Values of the passive components are
as follows: C; = Cy = 0.54nF,L{ =20 nH, Ly = 30 nH, PWM
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Fig. 14.  Hybrid converter macromodel.

frequency=120 MHz, loop compensation capacitance (Co1) =
75 pF, feedback resistance, Ry = 35 K2 and R, = 20 K¢2.
Macromodel of the step-down stage consists of an ideal dc
transformer [29], [30], an output resistance (Roy), which takes
series power loss components into account, an ideal error ampli-
fier and a VCO model. Output of the dc transformer represents
no-load output voltage determined by the ideal conversion ratio
(M) of the S-C converter stage. For the step-down stage in
consideration, M=0.5. Previous studies [29] have shown that
for a given value of flying capacitance, Ry is a function of
switching frequency. In this setup, frequency-dependent R, has
been realized using a Verilog-A-based simulatable model where
the controlling input is a voltage, equivalent to the frequency in-
formation. The VCO model generates the frequency-equivalent
control voltage, which consists of a small-signal component,
Kvcote (represents adjustment of switching frequency by the
control loop) and a quiescent component, Vy_pom (represents
a nominal frequency). Here, Kvyco represents the voltage-to-
frequency or transfer gain of the VCO and ¢, represents small-
signal error voltage generated by the error amplifier. Net output
capacitance, Cg takes actual output capacitance (100 pF) and
total flying capacitance (660 pF) connected at the output node
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into account. It may be noted that, as discussed in Section IV-C,
stability analysis of the step-down stage has been performed
using this macromodel of the S-C stage.

In this section, the cross-regulation characteristic as analyzed
using the abovementioned macromodel of the hybrid converter
is presented for two following test cases.

1) Load-Step on Vpo: A load step of Alpo at the output
of the step-down stage (with ideal conversion ratio = M) is
translated to the output of the boost stage as an equivalent load
step of M x Alpo. The boost stage responds to this transient
current requirement according to its own control loop’s capacity.
As an example, a load-step of 9 to 27 mA (and vice versa) has
been applied at the output of the step-down stage with V; = 1.8 V
and Ip; = 10 mA. Exactly half of the applied Ao, propagates
back to the boost output port. The transient undershoot and
overshoot observed on Vpi, as shown in Fig. 15, are due to
an equivalent load step of 9 mA at Vi, port. The transient cross
regulation from Vs to Vo1 can be further improved by reducing
the ac output impedance of the boost stage directly by increasing
the value of capacitance C5 of the boost stage, however, without
affecting the loop stability. It may be noted that dc load regulation
is unaffected assuming that the boost converter is able to supply
the additional M x Alps.

2) Load-Step on V1. In case of an instantaneous change in
voltage V1 prompted by a load step at the boost output port,
the step-down stage appears as an equivalent capacitive divider,
as shown in Fig. 16(a). So, the transient over/undershoot experi-
enced by V1 is translated down to Voo through this capacitive
divider. Due to the NRTI switching scheme, (N—1)/2N portion of
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Fig. 17.

Fig. 18.  Experimental setup.
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Fig. 19. Combined efficiency of the hybrid converter for different input
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total C is effectively connected from V1 to Voo and an equal
portion of C is effectively connected from V2 to ground. In
the prototype design, the ratio Vo2/v5,, of the capacitive divider
is 3/7. So, approximately 43% of the over/undershoot in V1 is
expected to get coupled to Vo, as shown in Fig. 16(b). This
transient cross coupling can be reduced further by increasing
Cs without affecting the loop stability. There is no impact on
the dc load regulation of Voo as there is no change in Ips.
Likewise, the dc line regulation of the step-down stage also
remains unaffected. If there is a drop in V1 due to overloaded
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condition of the boost stage, the step-down stage may be able to
regulate Vo provided, Ry has not reached its upper limit de-
termined by switch resistance and, hence, the frequency control
loop can decrease the dropout voltage (MV o1-V o2) by required
margin.

V. EXPERIMENTAL RESULTS

The test chip has been fabricated within a 1.5 mm x 1.5 mm
die area in 0.18 pm CMOS process. Die micrograph of the
fabricated die is shown in Fig. 17. It may be noted that the
prototype shares space of the test chip with some other IPs. The
total chip area occupied by the proposed converter is 0.82 mm?.
of which the boost stage consumes 0.52 mm? and the step-down
stage consumes 0.29 mm?2. It may be noted that a major portion
(84%) of the area occupied by the boost converter is effectively
consumed by its two capacitors.

Lab setup for silicon validation of the prototype is shown in
Fig. 18. Measured circuit performance of the prototype converter
is discussed the following sections.

A. Measured Efficiency

The hybrid converter has been characterized for different input
voltage and load current (at both the output ports) combinations.
The combined efficiency of the hybrid converter is calculated

based on the following relationship:

(Voilo1) +
Py

(Vozlo2)

TNecomb = 100 x (4)

where Py is the total input power. 71.omp, for four different input
voltages (namely, 2.7,2.2,1.8,and 1.2 V), is plotted in Fig. 19 for
combinations of load currents subject to the constraint that the
output voltages, and V1 and Vs remain regulated within 2%
tolerance of their respective steady-state levels. The steady-state
levels (Vo1 = 3.2V, Voo = 1.45 V) are slightly lower than
the typical targets because of variation of the on-chip, bandgap
reference voltage.

It may be observed that for higher input voltage (V;
2.2 V), the boost converter can support up to 56 mA load in
addition to the input current drawn by the step-down converter.
Maximum load capability reduces with decreasing input voltage
as it delivers maximum 21 mA at V; = 1.2 V.

From the measured data, itis evident that the overall efficiency
drops with increase of /. Efficiency of the step-down stage is
ideally 90% [= (2x1.45)/3.2] and practically, near about 82%.
So, it is understood that efficiency of the boost stage drops with
higher load. The tradeoff performance of conduction loss versus
frequency-dependent drive loss of an on-chip switch is inferior to
that of an external MOSFET/IGBT switch commonly used in on-
board realization. Moreover, Q-factor of the bond wire inductor
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TABLE III

SUMMARY OF HYBRID ARCHITECTURES

Parameter [24] [26] This Article

Architecture Reconfigurable SC | SC step-down stage | Inductive boost stage fol-
front-end stage followed | parallel to inductive | lowed by time-interleaved
by inductive buck stage buck stage SC step-down stage

Application Wide input range, LED | Supply to DVS load Analog and digital supply
driver for SoC

Process Discrete 32nm SOI 180nm CMOS

L / C (inductive | 0.84uH / 10uF 2nH / 2nF 20nH, 30nH / 2x0.54nF

stage)

Cr / Co (capac-
itive stage)

2x1pF / 20nF

Not available

0.66nF / 0.1nF

Input 25-200V 1.2V 1.2-2.7V

Output Single — 35V Single — 0.4V-0.9V | Dual — 1.45V, 3.2V
Load 30W 2-140 mA 25mA, 50mA
Efficiency 88-96% 74.5% (peak) 52-77%

is better than that of metal inductor but not as good as that of an
external inductor.

B. Measured Cross Regulations

Measurements of cross regulations of the hybrid converter
have been performed for two input voltages, namely, 1.8 and
2.5 V. The plots from the measurements are shown in Fig. 20.
For V; = 1.8V, the applied load current step at the step-down
converter output port results in 4% of undershoot and 1.25% of
overshoot in V1. On the other hand, the applied load current
step at the boost converter output port, results in 8.06% of
undershoot and 5.52% of overshoot in Vps. For V; =2.5 'V, the
load step at the step-down converter output port results in 3.12%
of undershoot and 1.25% of overshoot in V1. On the other hand,
the load step at the boost converter output port, results in 6.07%
of undershoot and 4% of overshoot in Vps.

C. Comparison With State-of-the-Arts

As already mentioned, most of the existing hybrid archi-
tectures are discrete component based and there is one fully-
integrated hybrid converter design found in literature. A direct
comparison among these architectures is not appropriate. So, a
summary of topological configuration, application, and perfor-
mance of those state-of-the-art hybrid architectures and the work
presented in this article is provided in Table III. As described,
motivation of hybridization in these architectures are different as
they target different applications. The discrete component based
architecture [24] naturally provides very high efficiency com-
pared to the other two that is [26] and this work. The prototype
presented in [26] is a fully-integrated architecture but, it uses the
two converters in parallel where the switched-capacitor-based
converter is selected over the inductor based buck converter in
light-load condition to improve light-load efficiency. Whereas,
in this article, the two converters are used in series and its
efficiency is a function of efficiency of two individual converters
across all load conditions. The measured peak efficiency of the
converter of [26], for 1.2 to 0.9 V conversion, in inductive
mode is 74.5%, which is slightly less than the efficiency of a
linear regulator. Whereas, the combined efficiency of the hybrid

converter presented in this work exhibits 77% peak efficiency for
2.7t0 3.2 V boost conversion. Although the light-load efficiency
of the proposed converter prototype is not as good as that of
the prototype of [26], the former provides one boosted and
one stepped-down output voltages simultaneously, with higher
efficiency at higher loads and it also covers a much wider range
of input voltage.

VI. CONCLUSION

Here, we have demonstrated a prototype of a hybrid, dual-
output converter comprising of an inductor-based boost stage
cascaded with a switched-capacitor-based step-down stage. The
proposed hybrid architecture helps to combine merits of the indi-
vidual converters in an integrated unit. The on-chip integration
issues due to ground noise generated in the boost stage and
switching noise generated by in-rush current in the step-down
stage are discussed followed by the design, analysis, and silicon
results of the proposed hybrid converter that show how the afore-
mentioned hurdles are overcome. The use of -filter at boost con-
verter output helps to isolate the noisy power ground of the boost
converter from rest of the circuit. Then, the NRTI-scheme-based
design of the step-down converter helps to significantly reduce
its in-rush current. Because of this, the step-down converter
appears as a quiescent load to the preceding boost converter,
which helps to reduce required value of output capacitance
of the m-filter and, hence, making it possible to realize the
capacitance on-chip. Moreover, integrating all the passive filter
components with rest of the design along with the load on same
chip helps to eliminate load transient spikes caused by package
pin parasitic inductance. The prototype converter provides two
regulated output voltages, namely, 1.45 and 3.2 V from an input
voltage, varying over a wide range of 1.2 t0 2.7 V. Both the output
voltages contain very small switching ripple. Peak efficiency of
the converter is 77% and the efficiency remains more than 52%
for all line and load conditions. In the present prototype, output
overshoot/undershoot due to cross-loading effect is within 10%,
which is on the higher side. It may be worth exploring to improve
the transient cross regulation as part of a potential future work.



4370

ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers
for their valuable comments and suggestions to improve the
quality of this article, and to the Advanced VLSI Design Lab,
IIT Kharagpur, for providing the facility to carry out the work
performed in this article.

(1]

[2]
(3]

(4]

(3]

(6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

REFERENCES

D. E. Lackey, P. S. Zuchowski, T. R. Bednar, D. W. Stout, S. W. Gould,
and J. M. Cohn, “Managing power and performance for system-on-chip
designs using voltage islands,” in Proc. IEEE/ACM Int. Conf. Comput.
Aided Des., Nov. 2002, pp. 195-202.

T. Horiba, “Lithium-ion battery systems,” Proc. IEEE, vol. 102, no. 6,
pp- 939-950, Jun. 2014.

G. Patounakis, Y. W. Li, and K. L. Shepard, “A fully integrated on-chip
dc-dc conversion and power management system,” IEEE J. Solid-State
Circuits, vol. 39, no. 3, pp. 443451, Mar. 2004.

S.-C. Koon, Y.-H. Lam, and W.-H. Ki, “Integrated charge-control single-
inductor dual-output step-up/step-down converter,” in [EEE Int. Symp.
Circuits Syst., May 2005, pp. 3071-3074.

M.-H. Huang and K.-H. Chen, “Single-inductor multi-output (SIMO)
dc-dc converters with high light-load efficiency and minimized cross-
regulation for portable devices,” IEEE J. Solid-State Circuits, vol. 44,n0.4,
pp. 1099-1111, Apr. 2009.

C. W. Chen and A. Fayed, “A low-power dual-frequency SIMO buck con-
verter topology with fully-integrated outputs and fast dynamic operation in
45nm CMOS,” IEEE J. Solid-State Circuits, vol. 50,n0.9, pp. 2161-2173,
Sep. 2015.

C. W. Kuan and H. C. Lin, “Near-independently regulated 5-output single-
inductor dc-dc buck converter delivering 1.2W/mm? in 65 nm cmos,” in
Proc. IEEE Int. Solid-State Circuits Conf., Feb. 2012, pp. 274-276.

D. Lu, Y. Qian, and Z. Hong, “An 87%-peak-efficiency DVS-capable
single-inductor 4-output dc-de buck converter with ripple-based adaptive
off-time control,” in Proc. IEEE Int. Solid-State Circuits Conf. Dig. Tech.
Papers, Feb. 2014, pp. 82-83.

D. Somasekhar et al., “Multi-phase 1 GHz voltage doubler charge pump in
32 nm logic process,” IEEE J. Solid-State Circuits, vol. 45, no. 4, pp. 751—
758, Apr. 2010.

L. Chang, R. Montoye, B. Ji, A. Weger, K. Stawiasz, and R. Dennard, “A
fully-integrated switched-capacitor 2 : 1 voltage converter with regulation
capability and 90% efficiency at 2.3 A/mm?,” in Proc. IEEE Symp. VLSI
Circuits, Jun. 2010, pp. 55-56.

T. Van Breussegem and M. Steyaert, “A fully integrated 74% efficiency
3.6 Vto 1.5V 150 mW capacitive point-of-load dc/dc-converter,” in Proc.
ESSCIRC, 2010, pp. 434-437.

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

H. P. Le, J. Crossley, S. R. Sanders, and E. Alon, “A sub-ns response
fully integrated battery-connected switched-capacitor voltage regulator
delivering 0.19W/mm? at 73% efficiency,” in Proc. IEEE Int. Solid-State
Circuits Conf. Dig. Tech. Papers, Feb. 2013, pp. 372-373.

C. Carvalho, G. Lavareda, A. Amaral, C. N. de Carvalho, and N. Paulino,
“A CMOS micro power switched-capacitor DC-DC step-up converter for
indoor light energy harvesting applications,” Analog Integr. Circuits Signal
Process., vol. 78, no. 2, pp. 333-351, Feb. 2014.

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

D. MaandF. Luo, “Robust multiple-phase switched-capacitor dc-dc power
converter with digital interleaving regulation scheme,” IEEE Trans. Very
Large Scale Integration Syst., vol. 16, no. 6, pp. 611-619, Jun. 2008.

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

B. Maity and P. Mandal, “A high performance switched capacitor-based
dc-dc buck converter suitable for embedded power management applica-
tions,” IEEE Trans. Very Large Scale Integration Syst., vol. 20, no. 10,
pp. 1880-1885, Oct. 2012.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

T. Das, S. Prasad, S. Dam, and P. Mandal, “A pseudo cross-coupled switch-
capacitor based dc-dc boost converter for high efficiency and high power-
density,” IEEE Trans. Power Electron., vol. 29, no. 11, pp. 5961-5974,
Nov. 2014.

G. Villar-Piqué, H. Bergveld, and E. Alarcon, “Survey and benchmark
of fully integrated switching power converters: Switched-capacitor versus
inductive approach,” IEEE Trans. Power Electron.,vol.28,1n0.9, pp. 4156—
4167, Sep. 2013.

K. Bhattacharyya and P. Mandal, “A low voltage, low ripple, on chip, dual
switch-capacitor based hybrid dc-dc converter,” in Proc. 21st Int. Conf.
VLSI Des., Jan. 2008, pp. 661-666.

Y. Lu, W. H. Ki, and C. P. Yue, “An NMOS-LDO regulated switched-
capacitor de-dc converter with fast-response adaptive-phase digital con-
trol,” IEEE Trans. Power Electron., vol. 31, no. 2, pp. 1294-1303,
Feb. 2016.

A. Radic¢, S. M. Ahssanuzzaman, B. Mahdavikhah, and A. Prodi¢, “High-
power density hybrid converter topologies for low-power dc-dc smps,” in
Proc. Int. Power Electron. Conf., May 2014, pp. 3582-3586.

S. Lim, J. Ranson, D. M. Otten, and D. J. Perreault, “Two-stage power
conversion architecture suitable for wide range input voltage,” IEEE Trans.
Power Electron., vol. 30, no. 2, pp. 805-816, Feb. 2015.

S. M. Ahsanuzzaman, Y. Ma, A. A. Pathan, and A. Prodi¢, “A low-
volume hybrid step-down dc-dc converter based on the dual use of fly-
ing capacitor,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2016,
pp. 2497-2503.

S. S. Kudva, S. Chaubey, and R. Harjani, “A 4.1 W/mm?2 hybrid induc-
tive/capacitive converter for 2-140 mA-DVS load under inductor,” J. Low
Power Electron. Appl. vol. 6, no. 6, p. 18, Sep. 2016.

S. Dam and P. Mandal, “An integrated dc—dc boost converter having
low-output ripple suitable for analog applications,” IEEE Trans. Power
Electron., vol. 33, no. 6, pp. 5108-5117, Jun. 2018.

S. Dam and P. Mandal, “A stacked VCO architecture for generating multi-
level synchronous control signals,” in Proc. 29th Int. Conf. VLSI Des.,
15th Int. Conf. Embedded Syst., Jan. 2016, pp. 151-155.

M. Seeman and S. Sanders, “Analysis and optimization of switched-
capacitor dc-dc converters,” IEEE Trans. Power Electron., vol. 23, no. 2,
pp. 841-851, Mar. 2008.

M. Evzelman and S. Ben-Yaakov, “Average modeling technique for
switched capacitor converters including large signal dynamics and small
signal responses,” in Proc. Int. Conf. Microwaves, Commun., Antennas
Electron. Syst., Nov. 2011, pp. 1-5.

Samiran Dam received the B.E. degree in electronics
and tele-communication engineering from the Bengal
Engineering College, Shibpur, India, in 2007, and the
M.S. and Ph.D. degrees in microelectronics and VLSI
from the Indian Institute of Technology Kharagpur,
Kharagpur, India, in 2012 and 2018, respectively.
He has worked with Redpine Signals from 2017
to 2018. In 2018, he was with NXP Semiconductors
India Pvt. Ltd., where he has worked on dc—dc boost
converter and ESD protection circuits for Class-D
automotive audio amplifier. He is currently with the

Power Management IC Team in Samsung Semiconductor India Research. His
research interests include design of integrated dc—dc converter, linear regulators,
display drivers, and energy harvesting circuits and systems.

Pradip Mandal received the B.E. degree in elec-
tronics and telecommunication engineering from the
Bengal Engineering College, Shibpur, India, in 1989,
and the M.E. and Ph.D. degrees in electrical com-
munication engineering from the Indian Institute
of Science, Bangalore, India, in 1991 and 1999,
respectively.

In 1997, he was with Motorola India Electronics.
From 1998 to 2002, he was with Philips Semicon-
ductors. In 2002, he was with the Alliance Semicon-
ductor, where he was involved in dc—dc converters

and power supervisory circuits. Since 2004, he has been with the Department
of Electronics and Electrical Communication Engineering, Indian Institute of
Technology Kharagpur, Kharagpur, India, where he is currently an Associate
Professor. His current research interests include the design of interface circuits
for high-speed data link, design of integrated dc—dc converters, design of analog
front-end, and design automation for analog integrated circuits.




<<
  /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 true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


