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An NMOS-LDO Regulated Switched-Capacitor
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Adaptive-Phase Digital Control
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Abstract—A fully integrated low-dropout-regulated step-down
multiphase-switched-capacitor DC-DC converter (a.k.a. charge
pump, CP) with a fast-response adaptive-phase (Fast-RAP) dig-
ital controller is designed using a 65-nm CMOS process. Different
from conventional designs, a low-dropout regulator (LDO) with an
NMOS power stage is used without the need for an additional step-
up CP for driving. A clock tripler and a pulse divider are proposed
to enable the Fast-RAP control. As the Fast-RAP digital controller
is designed to be able to respond faster than the cascaded linear
regulator, transient response will not be affected by the adaptive
scheme. Thus, light-load efficiency is improved without sacrificing
the response time. When the CP operates at 90 MHz with 80.3%
CP efficiency, only small ripples would appear on the CP output
with the 18-phase interleaving scheme, and be further attenuated
at Vouyt by the 50-mV dropout regulator with only 4.1 % efficiency
overhead and 6.5% area overhead. The output ripple is less than
2 mV for aload current of 20 mA.

Index Terms—DC-DC converter, digital controller, low-dropout
regulator (LDO), power supply rejection (PSR), switched-
capacitor power converter (SCPC), voltage regulator.

I. INTRODUCTION

ULLY integrated voltage regulators, including linear regu-

lators and inductive and capacitive dc—dc converters, are in
high demands for system-on-chips (SoCs), especially in minia-
turized devices [1]-[4], and fully integrated and power-efficient
converters with small output ripples are needed for implantable
devices [5]. Conventional inductive dc—dc converters need one
or more inductors that are hard to be integrated and occupy
large chip or printed circuit board area [2], [6]. On the other
hand, capacitor density has been significantly increased for ad-
vanced processes. Thus, switched-capacitor (capacitive) dc—dc
converters (a.k.a. charge pump, CP) are preferred as a fully inte-
grated SoC solution in nanometer processes, while interleaving
topology for reducing the output ripple can be easily built into
the CP with little power and area overhead [7]-[9]. Moreover,
capacitive dc—dc converters could have faster transient response
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Fig. 1. Generic low-dropout regulators with (a) PMOS power stage or (b)
NMOS power stage.

than inductive dc—dc converters. Take the voltage-mode buck
converter as an example. In order to change the output voltage,
the current of the inductor has to change first, and results in 90°
phase delay for the output voltage. In this regard, a capacitive
dc—dc converter is more suitable for fast dynamic voltage and
frequency scaling applications. However, the output voltage of
a CP is a function of input voltage, output current, switching
frequency, and values of flying capacitors [10], [11], while the
output voltage of an inductive dc—dc converter is only a function
of input voltage and duty ratio. As a result, the load and line
regulation of a standalone CP is (usually) not good enough for
driving noise-sensitive analog circuits. Hybrid power manage-
ment systems [12] that consist of a CP and linear regulators
have been proposed for the following reasons: 1) to improve the
efficiency of standalone linear regulators; 2) to improve the line
and load regulation of the CP; 3) to realize independent supply
voltage domains; 4) to improve transient response; and 5) to
reduce output voltage ripple.

The power supplies of digital loads can be dc—dc converters
or LDOs for different voltage domains [13], [14]. On the other
hand, the power supply of an analog/RF load should be an LDO
so as to suppress the switching noise from the prestage power
source. As shown in Fig. 1(a), the power transistor of an LDO is
commonly a PMOS transistor as its gate voltage Vg can easily
be driven by low voltage (LV). The output impedance z,p of
an LDO with a common-source PMOS power stage (or PMOS
LDO for short) is

_ Tdsp
1+s-rypCr + A(S) * gmPTdsP

e))

ZoP

0885-8993 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



LU et al.: NMOS-LDO REGULATED SWITCHED-CAPACITOR DC-DC CONVERTER WITH FAST-RESPONSE ADAPTIVE-PHASE DIGITAL

Vin Step-Down Vc»W Mpy - Vour
i 'LCx LL L kn:!lo;
I Ve Ic‘ Loads
= LT T
Conventional v -
REF D
(a)
Vin Step-Down Vp NN My, - Vour
DC-DC |
'LC:: J—t -LC Analog
I Ve IL Loads
- EA - J“_
+ 1 =
Proposed Vrer

(b)

Fig.2. (a) Conventional dc—dc converter in cascade with PMOS LDO and EA
gets power from Ve p, and (b) the proposed NMOS LDO regulated topology
and EA gets power from V.

where g,p and rysp are the transconductance and the output
resistance of the power PMOS transistor, and A(s) is the gain of
the error amplifier (EA). Now, the output impedance z,x of an
LDO with an NMOS source-follower power stage (or NMOS
LDO for short) as shown in Fig. 1(b) is

_ TdsN (2)
1+ 5-1r4snCr + (1 4+ A(8)) - gmNTasN

where g, n and r;sn are the transconductance and the output

resistance of the power NMOS transistor. Note that the mul-

tiplicative factors of g,p and gy,n are A(s) and (1 + A(s)),

respectively. As the low-frequency (LF) gain is very high (JA(s)|

>> 1 at LF), the above difference is not important, and we have

Zop.LF ~ 1/A(S) - gmp 3)
ZoN,LF ~ ]_/A(S) *gmN- (4)

However, as the EA cannot respond to the out-of-band high-
frequency (HF) signal, thatis, A(s) = 0 at HF, the HF dependence
of the two output impedances are very different

zop ur ~ 1/sCp 4)
zon 1 = 1/(sCL + gmn). (6)

By using a power NMOS and maintaining a low-dropout
voltage, a step-up CP is needed to drive the NMOS source-
follower power stage [15], [16]. Despite a higher driving voltage
is needed, the NMOS LDO is at times preferred because it has
low z,n mF that can intrinsically respond to fast load transients
[17].

To drive analog/RF loads, the dc—dc converter should be cas-
caded with an LDO, as shown in Fig. 2(a), and PMOS LDOs are
the common choices [18]-[22]. A fully integrated PMOS LDO
suffers from the problem of multipole slow response, and full-
spectrum power supply rejection (PSR) is hard to be achieved
[23], [24], especially when the dropout voltage is as low as
50 mV, and the power PMOS has to be very large that makes it
hard to achieve fast response and good stability.

In this research, an NMOS LDO with fast source-follower
response is proposed. As shown in Fig. 2(b), the supply volt-
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Fig.3. Blockdiagram of the fully integrated NMOS-LDO regulated switched-
capacitor dc—dc converter with Fast-RAP control.
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Fig.4. Fast-RAP control logic with clock frequency tripler (3 x Clk) and pulse

divider (Clk/4) and up/down signal generated by comparing Veop with VRgr
and Vin /2.

age of the LDO EA is Vx, and it is high enough such that the
output of EA can drive the gate of My; without the need of a
step-up CP as that shown in Fig. 1(b). In addition, to improve
the light-load efficiency without sacrificing the response time,
a fast-response adaptive-phase (Fast-RAP) digital control loop
is proposed to control the multiphase CP. The system-level ar-
chitecture and control loop design are discussed in Section II.
Circuit implementations and design techniques are discussed in
Section III. Measurement results and performance comparison
are presented in Section IV, and a brief conclusion is drawn in
Section V.

II. SYSTEM ARCHITECTURE AND CONTROL

Fig. 3 shows the system architecture of the NMOS source-
follower-based low-dropout regulator (NMOS-LDO) merged
with a step-down multiphase CP with Fast-RAP control. In fact,
this Fast-RAP control can suppress the output voltage ripples
for both multiphase CPs and inductive dc—dc converters. For the
proposed CP + LDO combo, the input voltage range is that of
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Fig. 6. Unitcell of the 18-phase CP with all LV device stacked LS and a HV
inverter at Vppp to Vep interface.

TABLE I
COMPARISON OF LS WITH Viy = 2.5 VAND Vep = 1.1V
AT fgw = 100 MHz

LSVip toVon HV LS Stacked Improvement
Th Rise 120.7 ps 40.2 ps 300.3%
Tp Fall 305.0 ps 93.0 ps 328.0%
Power 137 uW  6.05 uW 226.4%

the I/0 devices, which is from 2.4 to 2.6 V. The output voltage is
set at 1.0 V for low-power RF/analog circuits, and the EA gets
power from Vix to drive the gate of My;. The NMOS power
transistor has to deal with two paths of PSR: one path is from
Vin to Vour, and another is from Vep to Vour. Another power
MOS My shares the V; with My and generates an auxiliary
Vbpp to power up the digital controller and the current-starved
nine-inverter ring oscillator (Ring-VCO), isolating the digital
circuit noise from affecting Voyr. Indeed, by adding additional
power transistors My,, (n = 1,2, k) with gates connected to
Vi, many replica voltage islands can be easily generated for
noise isolation, and this is another benefit of using the NMOS
power stage.

A. Prior Control Loops

Hysteretic control, with single- or multiboundary, is popu-
lar due to its fast response and good stability [6]. However,
hysteretic or any other ripple-based control methods cannot
achieve small output ripple as they need a relatively large output

Fig. 7.  Schematic of the NMOS-LDO and the start-up circuit.

ripple to define the trip points unambiguously [25]. Voltage-
controlled-oscillator (VCO)-based pulse frequency modulation
(PFM) with a load-dependent switching frequency is another
popular control method with the advantage of high efficiency
over a wide load range, but suffers from slow responses and a
load-dependent noise spectrum [7], [26]. To achieve fast load
response, Breussegem and Steyaert [7] proposed a fast loop trig-
gered by an additional 3.3 GHz clock that bypasses the main
integrator loop when the output voltage is lower than its low
limit, but such a HF clock may not be available in many low-
power applications, such as wireless sensor nodes or implantable
medical devices. Besides, the reference tracking speed of a con-
verter that implements dynamic voltage scaling depends on the
bandwidth of the main loop, not the fast loop.

Other solutions include regulating the on-resistance of the
switches of the CP in both phases to provide a pseudocontinuous
output voltage [27]-[29]; however, without using an LDO, these
methods have output glitches during phase transitions. In [30], a
PMOS LDO was cascaded as the prestage to regulate the output
voltage that suppressed both startup inrush surge and steady-
state input current. A combined automatic pumping current and
frequency control scheme was proposed in [31], which reduced
the output ripple to be less than 33.8 mV with a 2-uF off-chip
load capacitor.

B. Fast-RAP Control

The proposed Fast-RAP digital control scheme is sketched in
Fig. 4. Instead of using a separate clock for fast load-transient
response, a frequency tripler (3 x Clk) that allows the controller
to respond three times faster is implemented by using the inter-
leaving phases of the VCO. The 3xClk is generated by V(1)
XOR V(4) XOR V(7), where V (k) are VCO phases, as shown
in Fig. 5. Similarly, a 9xClk could be generated with a nine-
inverter Ring-VCO, but to tradeoff for a lower quiescent current,
the 3xClk is adopted in this design.

One period of the Ring-VCO is 7, and one period of
the 3xClk is 7/3. To avoid phase-number oscillation (to be
discussed shortly), a much lower pulse frequency Clk/4 is
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Fig. 11.  Chip micrograph of the NMOS-LDO regulated CP.

generated by dividers, logics, and VCO phases, which is also
shown in Fig. 5. The period of Clk/4 is 4T. The Fast-RAP con-
troller reads its inputs at the falling edge of every 3 x Clk period,
so the pulse width of one “down” signal should be shorter than
T/3 to avoid false multiple reading. The rising edge of Clk/4 is
designed to be leading the falling edge of the 3 xClk to satisfy
the setup time requirement.

The Fast-RAP digital controller sets the phase number of the
CP to be used, and tries to keep the output voltage Vp within
the upper boundary Vin/2 — Vis1 and the lower boundary
Vrer + Vose. Note that the phase number should not change
in the steady state for output noise consideration. When the
load current It ,,q suddenly increases and drives Vop down to
be lower than Vggr + Vogse, “Up” is set to be high, and the
Fast-RAP controller will enable all 18 phases within half of
3xCIk period (7/6) to drive Vcp up fast. If, however, Vep is
higher than Vi /2 — Vg1 (due to overcharging or decrease in
load current), “down” is set to be high, and the phase number
will be reduced by only one step (from 18 to 9, or 9 to 3, or
3 to 1) within 47 initiated by Clk/4. Hence, in order to avoid
phase-number oscillations, the phase number goes up fast to
accommodate for fast load transient; and goes down slowly and
step by step when I1,,,q decreases. The offset voltages Vs and
Voso are generated by unbalanced input transistor sizes of the
preamplifiers Al and A2, and are designed to be 30 and 80 mV,
respectively. These artificial offset values are a few times larger
than the random offsets that can be neglected. In a typical case
with Vin = 2.5V, for example, the hysteresis window for phase-
number control is from 1.08 to 1.22 V that is large enough to
avoid phase-number oscillation at any fixed Ir,oa4.

This hybrid design has two control loops: the Fast-RAP loop
and the LDO loop. The Fast-RAP loop senses the CP output
voltage Vop, while the LDO loop senses the output voltage
Vour. Thus, these two loops will not affect each other in the
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steady state. During load transient, as long as 1) the adaptive
phase loop responds faster than the LDO loop that is guaranteed
by the 3xCIk, the speed of a digital circuit is proportional to
its clock frequency; and 2) the droop of Vop does not cause
the Vps (= Vep — Vour) of the LDO NMOS My to be lower
than its dropout voltage Vpo (50 mV in this case), then these
two loops will not affect each other. Since both Vouyrt and Viop
will vary in the same direction during load transient, and a C'x
of 0.26 nF is used to hold Vop; Vpg of My will not be lower
than Vo when the load current increases. Stability of the LDO
loop is discussed in Section III-C.

III. CIRCUIT IMPLEMENTATIONS
A. Unit Cell of CP

Fig. 6 shows the unit cell of the 18-phase CP implemented
with only LV transistors. The clock phases have to be passed
from the Fast-RAP controller with the supply voltage Vppp (=
1.0 V) to the unit cell with the supply voltage Vep (1.1 to
1.3 V), and a level shifter (LS) (an inverter) between Vppp
and Vp is needed. As Vppp is lower than Vip, the PMOS of
this inverter cannot be completely turned OFF when the inverter
input is high, so high-threshold-voltage (HV ) transistors are

used to reduce the subthreshold leakage current in this state.
A stacked LS is employed to further convert the phase signal
from the (Vop, Gnd) domain to the (Vin, Vop) domain [32]. The
improvements of the stacked LV device LS over the conventional
high-voltage (HV) device LS are listed in Table I. The delay
time and the power consumption are reduced by 3 and 2 times,
respectively.

Due to the gate leakage current of LV transistors of the
65-nm CMOS process, the flying capacitor Crry (30 pF for
each phase) is realized by connecting the stacked HV PMOS,
MOM, and MIM capacitors in parallel to eliminate leakage cur-
rent and to increase the capacitance as well as the power density.

To realize nonoverlap timing and consequently eliminate the
switch reverse current, three-transistor (3T)-based inverters are
utilized to drive the power switches S; through Sy;. The 3T
inverters that drive the PMOS switches S; and S, consist of
two NMOS transistors to turn-on the PMOS switches slowly.
Similarly, the 3T inverters that drive the NMOS switches S3 and
S4 consist of two PMOS transistors. By sensing the negative-
plate voltage of the flying capacitor, So will be turned ON after
S1 has been turned ON; and S, will be turned ON after S3 has
been turned ON. These switching sequences were designed to
avoid the impact of signal mismatch between Vo and Vor,.
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TABLE II
POWER LOSS BREAKDOWN OF NMOS-LDO REGULATED CP

Component SubComponent Power Loss  Percentage
CP Power Stage ~ Conduction Loss 5.71 mW 64.3%
Switching Loss 0.98 mW 11.0%
LDO Power MOS 1.96 mW 22.1%
Error Amplifier 25 nW 0.28%
vCo 42 pW 0.47%
Controller Preamplifiers 12 uW 0.14%
Fast-RAP Logics 19.5 pW 0.22%
LSs 109 W 1.23%
Biases 25 nW 0.28%
Total 8.88 mW 100%
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B. Start-Up Circuit

Since the LSs and the gate drivers of the CP are powered up
by the voltage Vi p, a start-up circuit is needed to charge up Vep
before it is ready for use. The schematics of the EA and the start-
up circuit are shown in Fig. 7. The start-up circuit, which senses
the LDO output Voyr and charges up Vcop, consumes less than
1 pA of quiescent current. In fact, if auxiliary intermediate
supply rails are available for the CP gate drivers, the start-up
circuit will not be needed, and the ripple amplitude can also be
reduced.

C. Error Amplifier

A telescopic cascode amplifier powered up by Viy is used to
drive both power transistors My; and My,. The voltage drop
across the CP output Vp and the LDO output Vouyr can be as
low as 50 mV to minimize the power loss caused by the LDO.
A bypass capacitor Cz = 9 pF is added to suppress the noise at
V&, and consequently, Vo yr has very small voltage ripples. The
simulated PSR performances of the LDO from Vix to Vour,
and also from Vep to Vour at Iroaq = 20 mA are shown in
Fig. 8. The PSR for both paths are -39 and —40 dB at LFs,
respectively, and are —12.8 dB in the frequency range of 1 MHz
to 1 GHz. Thus, supply noise from both paths can be attenuated
by the power MOS My .

By using an NMOS as the power transistor, the LDO output
pole is designed to be a nondominant pole, while the dominant
pole is set by Cp and is located at V. The simulated open-
loop Bode plots of the LDO with I1,,,q ranging from 10 A to
30 mA are presented in Fig. 9. The minimum dc loop gain is
38 dB that occurs at heavy load. The worst-case phase margin
of the NMOS LDO is 55° at It,oaqg = 10 pA. This minimum
load current requirement is fulfilled by the consumption of the
preamplifiers (A1 and A2) to be introduced next.

D. Preamplifiers

Fig. 10 shows the schematic of the preamplifiers (Al and A2)
with built-in offsets generated by unbalanced input transistor
sizes. The offset value of Al can be calculated as

oo [ 2Us/2) [ 2(I8/2)
"Nk W/L), \ ke (W/L),

_ (ljﬁ> M(l\/lN)VOVl )

where k,, = 11, Cox, Ip is the bias current of each amplifier, N is
the size ratio between the two input transistors, and Vo is the
gate overdrive voltage of M; . Note that I is chosen to fulfill the
minimum load current requirement of the NMOS LDO, and the
number N is 2 for A1, and 4 for A2 in this prototype. To reduce
the noise at Voyr, the digital control circuits are powered up
by Vbpp, while the amplifiers which consume constant current
are powered up by Vour.
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CP Work [7]2011 [25] 2012 [8]12013 [33] 2014 [34] 2014 This Paper
Process 90 nm 90 nm 65 nm 22 nm 32 nm SOI 65 nm
Topology 12 1/2,2/3 1/3,2/5 1/2,2/3,4/5, 1 1/2,2/3 1/24+LDO
Phase No. 10 41 18 8 16 18
Vour 1.3-15V 0.7V v 045-1V 0.7-1.1V 1V
Crry 2 nF 1.148 nF 3.88 nF 1.6 nF 32x1nF 0.54 nF
Cp orCyx 3.2nF 84 pF 0 100 pF 0 0.26 nF
fsw atnpeak 70 MHz 50 MHz N/A 250 MHz 125 MHz 90 MHz
IIN . noload 85 uA N/A N/A N/A N/A 161 nA
NCP,Peak 77% 81% 74.3% 82.7% 90.0% 80.3%
NCP+LDO,Peak N/A N/A N/A N/A N/A 76.2%
Power Density at 7pcak 0.05 W/mm? 0.039 W/mm? 0.19 W/mm? 0.25 W/mm? 3.71 W/mm? 0.24 W/mm?
Vour Ripple N/A 3.8 mV N/A 43 mV 30 mV 2mV
FOMzgippie N/A 0.485n N/A 2.92n 3.13n 0.08 n
TABLE IV
COMPARISON WITH PRIOR DC-DC CONVERTER WORKS WITH SERIES LDO

DC-DC + LDO [18] 2009 [19] 2010 [20] 2011 [21]2011 [22]2013 This Work

Process 130 nm 0.35 pm 0.18 pm 0.35 pm 0.25 pm 65 nm

Topology CP+LDO  Buck+LDO  Buck+LDO Boost+LDO Buck+LDO  CP+LDO

Vour 444 mv 33V 1.8V 7.7-9.7V 1.8V v

Iioad 285 nA 100 mA 100 mA 110 mA 200 mA 30 mA

Cpry orL 0.6 nF 80 uH N/A 4.7 pF + 10 pH 1 puH 0.54 nF

Cp orCx 0.2 nF 10 uF N/A 10 uF 2 x 2 puF 0.26 nF

fsw atnpeak 2kHz 500 kHz N/A 1.76 MHz 6 MHz 90 MHz

DC-DC N/A 87% N/A 90% 93.7% 80.3%

NMDC-DC+LDO 56% 79.7% 73% N/A 86.5% 76.2%

Vour Ripple 25 mV ~150 mV 10 mV N/A 1 mV 2mV

IV. MEASUREMENT AND SIMULATION RESULTS

The chip micrograph is shown in Fig. 11. The effective area
is 0.154 mm?, including the NMOS-LDO that occupies only
0.01 mm?. The Fast-RAP digital controller, which dynamically
enables the 18 phases, only occupies negligible silicon area. An
on-chip load with 2-bit resolution for measurement is imple-
mented by resistors connected in series with switches driven by
on-chip inverter buffers. The rising and falling edges of the load
current are less than 200 ps to mimic the fast load changes.

Fig. 12 shows the measured output spectrums of Vep and
Vour with Vin =2.5V, Vour = 1.0V, and fsw = 90 MHz.
With an on-chip load current [1,,,q = 10 mA, the maximum
noise power at Vop (due to the output ripple at Vop) is
—49.1 dBm, corresponding to 2.2 mVp_p on a 50-2 resistor,
while the noise power at Vo yr is only —64.1 dBm (0.39 mVp_p).
Ripple attenuation of 15 dB from Vip to Vour is measured.
With 10,4 = 20 mA, the maximum noise power at Vip is
—40.9 dBm (5.7 mVp.-p), while the noise power at Voyr is
—54.3 dBm (1.22 mVp_p), which gives a ripple attenuation of
13.4 dB. These results matched well with the simulated curves
shown in Fig. 8, which means that output voltage ripples are
well-attenuated by the merged LDO. Ripples of the light-load
cases with fewer phases are smaller than that of the heavy-load
cases for two reasons. First, the relatively large load capacitor
Cx that occupied 30% of the effective chip area will not be
discharged as much for a light-load current. Second, the 50-mV

dropout case for the LDO only occurs at the maximum load, and
the Vpg of My is larger at light-load cases; thus, better ripple
rejection from Vep to Vour can be provided by the LDO.

Fig. 13 shows the measured load transient waveforms of Vop
and Vour with fast transient on-chip load. By installing the
3xClk for the controller, the phase number can quickly be
changed from 1/3/9 at light load to 18 at heavy load. Conse-
quently, the voltage droop at Vi p is reduced, which guarantees
that the Vo droop will not be deteriorated by Vip variation.
The undershoot voltage of Vou is 83 mV for a 20-mA current
step.

The overall efficiency ncp+r.po is measured, and the CP
efficiency ncp is derived as

. Ver
~ 7IcP +LDO
Vour

_ NcpP+LDO
nLDo

®)

Ncp

by approximating the LDO efficiency npo to be equal to
Vour/Vep as the LDO itself consumes a negligible quies-
cent current. Fig. 14 shows the measured ncpyrpo and the
derived ncp versus power density, with Vix = 2.5V, Vouyr =
1V, and fsw = 90 MHz. The peak ncp is 80.3% when the peak
NP +LDO iS 76.2%, achieving a power density of 0.24 W/mm?.
Light-load efficiencies are limited by the switching loss and the
quiescent current, and are improved by the proposed Fast-RAP
scheme. The light-load efficiency could further be improved
by adaptive switching frequency and adaptive switch sizing as
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TABLE V
COMPARISON WITH STATE-OF-THE-ART LDO DESIGNS

LDO Work [35] 2005 [36] 2014 [23] 2014 This Paper
Technology 90 nm 21 nm 65 nm 65 nm
Vour 09V 0.6V 1Y% 1V
Vbropout 300 mV 50 mV 150 mV 50 mV

Ig 6 mA S puA 50 nA 10 uA

IM AX 100 mA 10 mA 10 mA 30 mA
Total Cap. 600 pF 100 pF 140 pF 39 pF

PSR N/A N/A —155dBat1 GHz -12.8dB @100 MHz
AVour at Teage 90 mV at 100 ps 10 mV at 100 ns 82 mV at 200 ps 195 mV at 200 ps
Load Reg. 0.9 mV/mA 0.5 mV/mA 1.1 mV/mA 0.2 mV/mA
Tr 0.54 ns N/A 1.15 ns 0.254 ns
FOMypo 32 ps N/A 5.74 ps 0.085 ps

demonstrated in [12] and [26]. Fig. 15 shows the measured
ncp+rpo and the derived nep with I, = 30 mA, Voyr =
1V, and Vix ranging from 2.37 to 2.6 V. The overall efficiency
keeps increasing as Vin decreases because Vep decreases ac-
cordingly, and the power dissipated by the NMOS LDO reduces
with smaller drain-to-source voltage of My .

The breakdown of the simulated power loss of the NMOS-
LDO regulated CP with Vix = 2.5V, Vour = 1.0V, fow =
90 MHz, and I1,,5q = 30 mA is shown in Table II. In this simu-
lated case, ncp is 82.3% and ncepy1,po 1s 77.2%. Over 80% of
the power losses are caused by the conduction losses of the CP
and the LDO, while the digital logics and LSs only account for
less than 2% of the total power losses. Note that when the volt-
age conversion ratio is 1/2, the maximum achievable efficiency
is 2Vout/Vin, which is 80% in this case.

Table III summarizes the performance comparison of the
proposed CP + LDO combo with state-of-the-art fully inte-
grated CP designs [6], [7], [25], [33], [34]. Our design achieves
the smallest output ripple voltage with a power density of
0.24 W/mm?. Since the output ripple voltage is proportional
to the capacitance used and the output power delivered, in this
research, a figure-of-merit (FOM) of the output ripple voltage
is proposed to be defined as

VRipple . C(T
Pyax

FOMRipple - (9)
where Vri,ple is the output ripple voltage at heavy load in the
steady state, C'r is the total capacitance of Crry and C7, used
in the switched-capacitor dc—dc converter, and Pyipx is the
output power at which the ripple is measured. Here, smaller
FOMgippie means better performance.

The performance comparison of this paper with prior dc—
dc converter + LDO cascaded designs [18]-[22] is listed in
Table IV. This hybrid work achieves the smallest efficiency
overhead for the additional series LDO because the dropout
voltage of the NMOS LDO is only 50 mV, and effectively re-
duces the ripple down to the level that is comparable to the
design of [22] that used large off-chip capacitors.

Many fully integrated LDOs with limited on-chip capaci-
tance (a.k.a. capacitorless LDOs) have been proposed in the
past decade [35], [36]. To make a comparison of the fully in-
tegrated LDOs, an FOM of LDO is defined in [35] and widely

adopted by other researchers. It reads

Iq
hiax

_ C x AVOUT
hiax

Iq
Iiax

FOMypo =Tg (10)
where I is the quiescent current, and the response time Tg
is a function of the total on-chip capacitance C of the LDO,
load-transient glitches of the output voltage AVpyr, and the
maximum load current Iy;5x. The performance summary and
comparison of the LDOs are listed in Table V. The calculated
response time Ty and FOM are 0.254 ns and 0.085 ps, respec-
tively, and both are small compared to other designs.

V. CONCLUSION

A fully integrated NMOS source-follower-based low-dropout
regulated step-down switched-capacitor dc—dc converter with
Fast-RAP control and < 2 mV output voltage ripple is demon-
strated in 65-nm CMOS general purpose process. Instead of
using an LDO with a PMOS power stage, an NMOS LDO
that has the benefits of lower dropout voltage and intrinsic fast
transient response is used without the need for an additional
step-up CP for driving. When a heavy-load transient is detected,
all phases are enabled instantly. Triggered by a proposed clock
tripler, the adaptive phase scheme for efficiency optimization
is implemented without sacrificing the transient response. The
regulator with a dropout voltage of 50 mV only amounts to
4.1% efficiency overhead and 6.5% area overhead. Operating
at 90 MHz with the adaptive 18-phase interleaving scheme, the
output voltage ripples at the CP output are small, and have been
further attenuated at the LDO output. In fact, the smallest output
ripple FOM is achieved.

REFERENCES

[1] 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. 41464155, Sep. 2013.

G. Villar Piqué, H. J. Bergveld, and E. Alarcon, “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.

H.-P. Le, S. R. Sanders, and E. Alon, “Design techniques for fully inte-
grated switched-capacitor DC-DC converters,” IEEE J. Solid-State Cir-
cuits, vol. 46, no. 9, pp. 2120-2131, Sep. 2011.

[2]

[3]



1302

[4]

[3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

W. Kim, D. Brooks, and G.-Y. Wei, “A fully-integrated 3-level DC-DC
converter for nanosecond-scale DVFS,” IEEE J. Solid-State Circuits, vol.
47, no. 1, pp. 206-219, Jan. 2012.

Y. Lu, X. Li, W. H. Ki, C. Y. Tsui, and C. P. Yue, “A 13.56MHz fully
integrated 1X/2X active rectifier with compensated bias current for induc-
tively powered devices,” in Proc. IEEE Int. Solid-State Circuits Conf. Dig.
Tech. Papers, Feb. 2013, pp. 66—67.

C. Huang and P. K. T. Mok, “A 100 MHz 82.4% efficiency package-
bondwire based four-phase fully-integrated buck converter with flying
capacitor for area reduction,” IEEE J. Solid-State Circuits, vol. 48, no. 12,
pp- 2977-2988, Dec. 2013.

T. M. Van Breussegem and M. S. J. Steyaert, “Monolithic capacitive
DC-DC converter with single boundary—Multiphase control and voltage
domain stacking in 90 nm CMOS,” IEEE J. Solid-State Circuits, vol. 46,
no. 7, pp. 1715-1727, Jul. 2011.

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.

Y. Lu, J. Jiang, W.-H. Ki, C. P. Yue, S.-W. Sin, S.-P. U, and R. P. Martins,
“A 123-phase DC-DC converter-ring with fast-DVS for microprocessors,”
in Proc. IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, Feb. 2015,
pp. 1-3.

W.-H. Ki, Y. Lu, E. Su, and C.-Y. Tsui, “Analysis and design strategy of
on-chip charge pumps for micro-power energy harvesting applications,”
VLSI-SoC: The Advanced Research for Systems on Chip. New York, NY,
USA: Springer-Verlag, 2012, pp. 158-186.

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

G. Patounakis, Y. W. Li, and K. L. Shepard, “A fully integrated on-chip
DC-DC conversion and power management system,” /EEE J. Solid-State
Circuits, vol. 39, no. 3, pp. 443-451, Mar. 2004.

I. Vaisband and E. G. Friedman, “Heterogeneous methodology for en-
ergy efficient distribution of on-chip power supplies,” IEEE Trans. Power
Electron., vol. 28, no. 9, pp. 4267-4280, Sep. 2013.

Y.-C. Chu and L.-R. Chang-Chien, “Digitally controlled low-dropout reg-
ulator with fast-transient and autotuning algorithms,” IEEE Trans. Power
Electron., vol. 28, no. 9, pp. 4308-4317, Sep. 2013.

J. Wittmann, J. Neidhardt, and B. Wicht, “EMC optimized design of
linear regulators including a charge pump,” IEEE Trans. Power Electron.,
vol. 28, no. 10, pp. 4594-4602, Oct. 2013.

V. Gupta and G. A. Rincon-Mora, “A 5 mA 0.6 um CMOS Miller-
compensated LDO regulator with -27 dB worst-case power-supply re-
jection using 60 pF of on-chip capacitance,” in Proc. IEEE Int. Solid-State
Circuits Conf. Dig. Tech. Papers, Feb. 2007, pp. 520-521.

G. W. den Besten and B. Nauta, “Embedded 5 V-to-3.3 V voltage regulator
for supplying digital IC’s in 3.3 V CMOS technology,” IEEE J. Solid-State
Circuits, vol. 33, no. 7, pp. 956-962, Jul. 1998.

M. Wieckowski, G. K. Chen, M. Seok, D. Blaauw, and D. Sylvester, “A
hybrid DC-DC converter for sub-microwatt sub-1V implantable applica-
tions,” in Proc. IEEE Symp. VLSI Circuits, Jun. 2009, pp. 166-167.
Y.-T. Lee, C.-L. Wei, and C.-H. Chen, “An integrated step-down DC-DC
converter with low output voltage ripple,” in Proc. IEEE 5th Conf. Ind.
Electron. Appl., Jun. 2010, pp. 1373-1378.

Z.-H. Shen and H. Min, “Combination method of DC-DC converter and
LDO to improve efficiency and load regulation,” Electron. Lett., vol. 47,
no. 10, pp. 615-617, Oct. 2011.

S.-W. Wang, Y.-J. Woo, S.-H. Bae, T.-H. Kong, G.-H. Cho, and G.-H.
Cho, “A high stability DC-DC boost converter with ripple current control
and capacitor-free LDOs for AMOLED display,” in Proc. IEEE Asian
Solid-State Circuits Conf., Nov. 2011, pp. 41-44.

S. Dietrich, L. Liao, F. Vanselow, R. Wunderlich, and S. Heinen, “A
1 mV voltage ripple 0.97 mm? fully integrated low-power hybrid buck
converter,” in Proc. IEEE Eur. Solid-State Circuits Conf., Sep. 2013,
pp- 395-398.

Y. Lu, W.-H. Ki, and C. P. Yue, “A 0.65 ns-response-time 3.01 ps FOM
fully-integrated low-dropout regulator with full-spectrum power-supply-
rejection for wideband communication systems,” in Proc. IEEE Int. Solid-
State Circuits Conf. Dig. Tech. Papers, Feb. 2014, pp. 306-307.

T. Coulot, E. Lauga-Larroze, J. Fournier, M. Alamir, and F. Hasbani, “Sta-
bility analysis and design procedure of multiloop linear LDO regulators
via state matrix decomposition,” IEEE Trans. Power Electron., vol. 28,
no. 11, pp. 5352-5363, Nov. 2013.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 2, FEBRUARY 2016

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

G. Villar Piqué, “A 41-phase switched-capacitor power converter with
3.8 mV output ripple and 81% efficiency in baseline 90 nm CMOS,” in
Proc. IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, Feb. 2012,
pp- 98-100.

Y. K. Ramadass, A. A. Fayed, and A. P. Chandrakasan, “A fully-integrated
switched-capacitor step-down DC-DC converter with digital capacitance
modulation in 45 nm CMOS,” IEEE J. Solid-State Circuits, vol. 45,
no. 12, pp. 2557-2565, Dec. 2010.

W. Chen, W.-H. Ki, P. K. T. Mok, and M. Chan, “Switched-capacitor
power converters with integrated low dropout regulators,” in Proc. IEEE
Int. Symp. Circuits Syst., Jun. 2001, vols. 2/3, pp. 293-296.

H. Lee and P. K. T. Mok, “An SC voltage doubler with pseudo-continuous
output regulation using a three-stage switchable Opamp,” IEEE J. Solid-
State Circuits, vol. 42, no. 6, pp. 1216—1229, Jun. 2007.

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.

C. Zheng, 1. Chowdhury, and D. Ma, “Low-noise switched-capacitor
power converter with adaptive on-chip surge suppression and preemp-
tive timing control,” IEEE Trans. Power Electron., vol. 28, no. 11,
pp. 5174-5182, Nov. 2013.

J.-Y. Lee, S.-E. Kim, S.-J. Song, J.-K. Kim, S. Kim, and H.-J. Yoo, “A
regulated charge pump with small ripple voltage and fast start-up,” IEEE
J. Solid-State Circuits, vol. 41, no. 2, pp. 425-432, Feb. 2006.

M. Wens and M. S. J. Steyaert, “A fully integrated CMOS 800-mW
four-phase semiconstant ON/OFF-time step-down converter,” IEEE Trans.
Power Electron., vol. 26, no. 2, pp. 326-333, Feb. 2011.

R. Jain, B. M. Geuskens, S. T. Kim, M. M. Khellah, J. Kulkarni, J. W.
Tschanz, and V. De, “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.

T. M. Andersen, F. Krismer, J. W. Kolar, T. Toifl, C. Menolfi, L. Kull,
T. Morf, M. Kossel, M. Brandli, P. Buchmann, and P. A. Francese, “4.7
A sub-ns response on-chip switched-capacitor DC-DC voltage regulator
delivering 3.7 W/mm? at 90% efficiency using deep-trench capacitors in
32 nm SOI CMOS,” in Proc. IEEE Int. Solid-State Circuits Conf. Dig.
Tech. Papers, Feb. 2014, pp. 90-91.

P. Hazucha, T. Karnik, B. A. Bloechel, C. Parsons, D. Finan, and S. Borkar,
“Area-efficient linear regulator with ultra-fast load regulation,” IEEE J.
Solid-State Circuits, vol. 40, no. 4, pp. 933-940, Apr. 2005.

W.-C. Chen, Y.-P. Su, Y.-H. Lee, C.-L. Wey, and K.-H. Chen, “0.65 V-
input-voltage 0.6 V-output-voltage 30 ppm/°C low-dropout regulator
with embedded voltage reference for low-power biomedical systems,”
in Proc. IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, Feb. 2014,
pp- 304-305.

Yan Lu (S’12-M’14) received the B.Eng. and M.Sc.
degrees in microelectronic engineering from the
South China University of Technology, Guangzhou,
China, in 2006 and 2009, respectively; and the Ph.D.
degree in electronic and computer engineering from
the Hong Kong University of Science and Technol-
ogy, Hong Kong, in 2013.

He is an Assistant Professor with the State Key
Laboratory of Analog and Mixed-Signal VLSI of
University of Macau, Macao, since July 2014. His
research interests include near-field coupled wireless

power transfer, fully integrated power converters and low-dropout regulators.

Dr. Lu received the Outstanding Postgraduate Student of Guangdong (Can-
ton) Province Award 2008, and the IEEE Solid-State Circuits Society Pre-
doctoral Achievement Award 2013-2014. He served as a Technical Program
Committee Member of a few IEEE conferences, and served as a reviewer of
multiple IEEE journals.



LU et al.: NMOS-LDO REGULATED SWITCHED-CAPACITOR DC-DC CONVERTER WITH FAST-RESPONSE ADAPTIVE-PHASE DIGITAL

Wing-Hung Ki (S’86-M’91) received the B.Sc. de-
gree from the University of California, San Diego,
CA, USA, the M.Sc. degree from the California In-
stitute of Technology, Pasadena, CA, and the Ph.D.
degree from the University of California, Los Ange-
les, CA, in 1984, 1985, and 1995, respectively, all in
electrical engineering.

He joined Micro Linear Corporation, San Jose, in
1992, working on the design of power converter con-
trollers. He then joined the Hong Kong University of
Science and Technology, Hong Kong, in 1995, where
he is currently a Professor with the Department of Electronic and Computer
Engineering.

Dr. Ki was an Associate Editor of the TCAS-II from 2004 to 2005 and from
2012 to 2013, and he was a Member of the International Technical Program
Committee of the International Solid-State Circuits Conference during 2010—
2014. His research interests include switch-mode power converters, switched-
capacitor power converters, low-dropout regulators, bandgap references, power
management for energy harvesting and biomedical implants, and analog IC de-
sign methodologies.

1303

C. Patrick Yue (S’93-M’98-SM’05-F’15) received
the B.S. degree from the University of Texas, Austin,
TX, USA, in 1992, with the highest honor and the
M.S. and Ph.D. degrees in electrical engineering from
Stanford University, Stanford, CA, USA, in 1994 and
1998, respectively.

He is a Professor of electronic and computer en-
gineering and the Associate Provost for Knowledge
Transfer at the Hong Kong University of Science and
Technology (HKUST), Hong Kong. He is the Found-
ing Director of the HKUST-Qualcomm Joint Innova-
tion and Research Lab and the Center of Industry Engagement and Internship.
In 1998, he cofounded Atheros Communications (now Qualcomm-Atheros).
While working in Silicon Valley, he was a Consulting Assistant Professor at
Stanford. In 2003, he joined Carnegie Mellon University as an Assistant Pro-
fessor. In 2006, he moved to the University of California, Santa Barbara, CA,
and was promoted to Professor in 2010. He has contributed more than 100
peer-reviewed papers, two book chapters, and holds 14 U.S. patents. His current
research interests include IC design and device modeling for high-speed opti-
cal communication, visible light communication, wireless power transfer, and
power management for bioimplants.

Dr. Yue received the 2013 ISSCC Best Student Paper Award. He has served
on the committees of the IEEE Symposium on VLSI Circuits, the IEEE In-
ternational Wireless Symposium, the IEEE RFIC Symposium, and the Asian
Solid-State Circuits Conference. He is an Editor of the IEEE ELECTRON DE-
VICE LETTERS and the IEEE SOLID-STATE CIRCUIT SOCIETY MAGAZINE. He is
an Elected AdCom Member of the IEEE Solid-State Circuit Society.




<<
  /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
    /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


