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A low-noise readout integrated circuit (ROIC) for a
microelectromechanical systems (MEMS) microphone is
presented in this paper. A positive feedback signal
amplification technique is applied at the front-end of the
ROIC to minimize the effect of the output buffer noise. A
feedback scheme in the source follower prevents
degradation of the noise performance caused by both the
noise of the input reference current and the noise of the
power supply. A voltage booster adopts noise filters to cut
out the noise of the sensor bias voltage. The prototype
ROIC achieves an input referred noise (A-weighted) of
—114.2 dBV over an audio bandwidth of 20 Hz to 20 kHz
with a 136 pA current consumption. The chip is occupied
with an active area of 0.35 mm’ and a chip area of
0.54 mm’.
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1. Introduction

In recent years, microelectromechanical systems (MEMS)
microphones have quickly replaced electret condenser
microphones (ECMs). The reason for this is that an MEMS
microphone has a wider range of operating temperature and a
lead-free solder reflow capability for its automated assembly
process [1], [2]. In addition, recent audio recording
technologies for mobile applications, such as HD voice, noise
cancellation, beamforming, and always-on technologies,
require a high signal-to-noise ratio (SNR) performance, precise
part-to-part matching property, and low current consumption.
During the last several years, the required SNR performance
has increased from 58 dB to over 64 dB, and the required
sensitivity variation has decreased from £3 dB to =1 dB [3].

To improve the SNR, the performances of both an MEMS
sensor and an ROIC have to be enhanced [4]. For a high SNR,
the MEMS sensor has to be designed to obtain a high
sensitivity in spite of a number of design trade-offs, such as
noise, cost, and reliability. A low-noise readout integrated
circuit (ROIC) must show a decrease in device noise despite
trade-offs such as the current consumption and chip area.

In this paper, we present a low-noise ROIC for MEMS
microphones with a positive feedback signal amplification
technique that amplifies the electrical signals at the front-end of
the ROIC to minimize the effect of the output buffer noise. The
proposed ROIC uses several circuit techniques to lower the
circuit noises; first, a source follower adopts a feedback scheme
as an input buffer to reduce the effect of noises in a reference
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current from a bandgap reference. Second, noise filters are used
at the input of the voltage booster regulator for minimizing the
effect of the reference voltage noise, and at the output of the
voltage booster for filtering out charge pump noise.

The remainder of this paper is organized as follows.
Section II introduces the proposed architecture. Section III
describes the circuit techniques used to lower the circuit noises.
Section IV provides the measurement results, and Section V
offers concluding remarks.

II. Proposed Architecture

Figure 1 shows the conventional analog ROIC architecture
for MEMS microphones. For biasing an MEMS sensor, an
ROIC applies high dc voltage to the MEMS sensor through an
SBIAS node. The biased MEMS sensor produces a voltage
signal at an IN node according to the sound pressure signal. An
input buffer transmits the voltage signal at the IN node to an
output amplifier with low output impedance. The role of the
output amplifier is to amply the signal to match the required
sensor signal level and to drive a resistive load within the audio
frequency ranges. The input and output buffers are supplied
from a regulator to improve the power supply rejection ratio
(PSRR) and power supply rejection (PSR).

Figure 2 shows the proposed ROIC architecture. Whereas
the conventional architecture amplifies a signal using the
output amplifier, the proposed ROIC amplifies a signal using a
positive feedback configuration. The positive feedback loop is
formed with an input buffer, the capacitors of the low-pass
filter in the voltage booster, and the MEMS sensor. This gain
scheme reduces the noise contribution of the output buffer,
which improves the SNR performance. In addition, the
proposed ROIC can use a low-noise output buffer. To
implement the gain stage such as the output amplifier of the
conventional ROIC, the output amplifier has to use a non—
unity gain feedback circuit and a reference voltage generator.
This amplifier has more noise sources compared to the output
buffer shown in Fig. 2 because the output buffer can be
implemented with only unity gain feedback. Therefore, the
proposed architecture can achieve a high SNR performance by
reducing the noise effect of the output buffer and using the low-
noise output buffer.

Figure 3 shows a simplified model for an SNR analysis of
the two ROIC:s in Figs. 1 and 2. Here, Vs indicates the signal
source, and Vy; and Vy, represent the noise sources of the input
buffer and output amplifier (or output buffer), respectively. The
output signal and output noise of the conventional ROIC can
be derived as follows:

VOUTI(SIGNAL) = Az 'Al 'AP 'Vs’

M
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Fig. 2. Proposed ROIC architecture.

VOUTI(NOISE) = Az : VNZ + Az 'Al 'VN1 . (2)

The signal and noise equations of the proposed architecture are
as follows:

1
VOUTZ(SIGNAL) = Al : AP m VS, (3)
1 4p " e
1
VOUTZ(NOISE) = VNz A] m VN]' (4)
17 p

The gain of the proposed ROIC has to be the same as that of a
conventional ROIC. In addition, for simplicity, the input buffer
is assumed to have a gain of one. These two conditions are
shown in (5) and (6).

1

— -G, 5
1—4 - A, - 4, ©

AZ:

A4 =1 (6)
By substituting (1) through (4) with (5) and (6), the outputs of
the signal and noise can be expressed in (7) through (10).
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Fig. 3. Simplified ROIC models for SNR analysis: (a)

conventional ROIC and (b) proposed ROIC.

VOUTI(SIGNAL) =G- AP 'st @)
VOUT](NOISE) =G- (VNI +Ve )= ®)
VOUTZ(SIGNAL) = G‘AP 'Vsa (9)

1
VOUTZ(NOISE) = G'(Vm +E' VNZ j

(10)

Equations (7) through (10) show that the proposed ROIC
has an SNR performance that is superior to that of a
conventional ROIC. To adjust the sensitivity of the
microphone to —38 dBV/Pa or 42 dBV/Pa, the ROIC
amplifies the signal by 0 dB to 8 dB according to the
sensitivity of the MEMS sensors. Whereas the output
amplifier noise of a conventional ROIC is increased
according to the gain, the output buffer noise of the proposed
ROIC represents no increases in the ROIC output. For
example, if the required gain of the ROIC, G, is 4 dB and the
input buffer and output amplifier (or output buffer) have the
same noise power, then the noise level of the proposed ROIC
will be 1.8 dB less than that of a conventional ROIC.
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M. Circuit Techniques and Implementation

1. Low-Noise Source Follower

The input buffer in the MEMS microphone ROIC can be
implemented using either an operational amplifier with a unity
gain feedback network or a source follower. The input buffer
using an operational amplifier (OPA buffer) can have a large
output swing range. In addition, because the OPA buffer has a
differential input stage, there is little increase in noise at its
output due to the noise of the reference current from the
bandgap reference. Despite the advantages mentioned above,
the OPA buffer has certain problems in terms of low power and
high SNR. The OPA buffer consumes more current to satisfy
the noise requirement, because the OPA buffer has more noise
sources due to both a differential architecture and an additional
circuit to meet the operating point of the input transistors. In
addition, the OPA buffer causes a large signal loss due to a
large input capacitance because of the Miller effect formed by
the common source input stage of the operational amplifier. On
the other hand, the source follower is able to receive an input
signal with a 0 V dc offset and consumes less current compared
to the OPA buffer owing to its simple circuit configuration.

In addition, the source follower as the input buffer has a
lower input capacitance than the OPA buffer, resulting in less
signal loss. Therefore, the source follower is suitable for low
power and a high SNR as the input buffer [5].

Figure 4(a) shows a typical source follower. Although the
source follower has a low signal loss, degradations may be
caused by the external noise sources such as the reference
current, lrgr, and power supply because the source follower has
a single-input and single-output architecture. To suppress the
reference current noise and power supply noise, a negative
feedback scheme is adopted, as shown in Fig. 4(b). The
feedback loop is composed of gain-stage 1 with a 14 dB gain,
and gain-stage 2 with a 7.5 dB gain by adding a resistor, Rp,
and an amplifier, Amp2. The noises from the reference current
and power supply are suppressed by a loop gain of 21.5 dB.
Flicker noise and thermal noises of the input transistor, PM1,
are optimized by increasing both the area and the
transconductance of the input transistor. The noise simulation
results of the typical source follower of Fig. 4(a) and the low-
noise source follower of Fig. 4(b) are —105 dBV and —117 dBV,
respectively. Despite the additional noise contribution of Rp
and Amp2 for the negative feedback loop, which is 13.2% of
total noise of the source follower, the low-noise source follower
using the negative feedback scheme shows superior noise
performance.

The typical source follower with a single-input and single-
output architecture has poor PSRR and PSR performances.
The PSRR and PSR can be improved using a regulator for the
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Fig. 4. Circuit schematics of (a) typical source follower and (b)
low-noise source follower.

input buffer, as presented in Figs. 1 and 2. However, the PSRR
and PSR improvements using the regulator are limited,
because the regulator, which consumes a several micro-ampere
current, has a limited regulation performance over a signal
bandwidth of 20 Hz to 20 kHz. The negative feedback in the
low-noise source follower additionally enhances the PSRR and
PSR performances. Therefore, the low-noise source follower and
regulator can provide sufficient PSRR and PSR performances.

2. Low-Noise Voltage Booster

The bias voltage to the MEMS sensor is 10 V dc; it must be
independent of the supply voltage variation for stable
sensitivity and have the property of low noise.

Power-supply independent voltage can be generated using a
voltage multiplier by receiving a reference voltage from the
bandgap reference, as shown in Fig. 5. The property of low
noise can be achieved by designing a low-noise voltage
regulator, a clock generator, and a voltage multiplier. However,
this approach for such a low noise performance requires a large
current consumption.

To reduce the A-weighted noise of Vspag Over a signal
bandwidth of 20 Hz to 20 kHz with minimized current
consumption, the voltage booster uses two low-pass filters,
noise filters 1 and 2, as shown in Fig. 5. Noise filters 1 and 2
are implemented with a capacitor and a back-to-back diode that
represent a low-pass filter with a pole at several hertz. The
noise filters cut out any in-band noise within a bandwidth of
20 Hz to 20 kHz. However, the back-to-back diode at the noise
filters generates additional noise. This noise is negligible over
the signal bandwidth because the noise is not only filtered out
with a transfer function of the noise filter but also weighted
through the A-weighting function [6]. Noise filter 1 filters out
the noise of the reference voltage from the bandgap reference.
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Moreover, noise filter 1 prevents the switching noise of the
clock generator from deteriorating the reference voltage of
the bandgap reference. Noise filter 2 cuts out the noise and
provides capacitors to add the output signal of the input buffer
to the output signal of the voltage multiplier. The designed
voltage booster outputs 10 V dc with —120 dBV noise.

3. Unity Gain Output Buffer

Figure 6 shows the output buffer, which is implemented with
a two-stage class AB operational amplifier and a unity gain
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feedback loop to provide a minimum of 3 kQ resistive-load
drive capability at the in-band frequency. To satisfy a target
noise of —116 dBYV, input transistors NM1 and NM2 have large
sizes for low flicker noise and high transconductance for low
thermal noise. The noise simulation result shows —116 dBV of
noise. Miller compensation is used to ensure stability in the
case of a light capacitive load, and zero compensation using a
series resistor, Rz, at the output is adopted to maintain a phase
margin of 60° in the case of a heavy capacitive load of up to
100 pF.

IV. Measurement Results

The bare prototype chip for a microphone module was
fabricated in a 0.35 pm CMOS technology and occupies an
active area of 0.35 mm?® and a chip area of 0.54 mm? (0.95 mm
% 0.57 mm), as shown in Fig. 7. The total current consumption
is 136 pA from a 1.8 V supply. The supply voltage ranges from
1.5 V to 3.6 V. Figure 8 shows the test configuration for the
ROIC performance measurement. This configuration was
fabricated in a chip and assembled in a quad-flat no-leads

ﬁeglllaton'
0.55 mm
0.57 mm

0.95 mm

Core area: 0.35 mm’
Chip area: 0.54 mm’

SofTodh

Fig. 7. Photograph of ROIC chip.
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(QFN)-type package to minimize the parasitic capacitance at
the signal input node. For the signal gain measurement, the
package chip includes two ROICs with target gains of 0 dB
and 6.8 dB, which are indicated by ROIC-A and ROIC-B,
respectively. A coupling capacitor of 1 pF for the signal input is
denoted by Cs. As the capacitance at the SBIAS node in the
ROIC is 40 pF, which is much larger than that of Cs, Cs can be
negligible in the SBIAS node.

Figures 9(a) and 9(b) show the measured output spectrums
when a sinusoidal signal of —15 dBV is applied to Cs. The
signal power values of ROIC-A and ROIC-B are —53.2 dBV
and —46.4 dBV, respectively. These values indicate that ROIC-
B amplifies the signal with a gain of 6.8 dB using the proposed
positive feedback architecture. Figures 9(c) and 9(d) show the
measured output spectrums of ROIC-A and ROIC- B without
signals through Cs, where the A-weighted output noise power
over a signal bandwidth of 20 Hz to 20 kHz is —110.6 dBV and
—107.4 dBYV, respectively. These results show that the input-
referred noise of ROIC-B adopting positive feedback signal
amplification is enhanced by 3.6 dB compared to that of
ROIC-A. Figures 10(a) and 10(b) show that ROIC-A and
ROIC-B have similar frequency responses; that is, that of a
high-pass filter with —3 dB cut-off frequency of about 20 Hz in
the range of 20Hz to 20 kHz. The frequency response of a
microphone module depends on a ventilation hole, a front
chamber geometry, and a back chamber geometry. Typical
microphones show a low —3 dB cut-off frequency in the range
of 50 Hz to 100 Hz and a high +3 dB cut-off frequency in the
range of 15 kHz to 20 kHz [7], [8]. Therefore, both ROIC-A
and ROIC-B can convert the signal from a MEMS sensor to an
analog voltage signal without signal bandwidth loss.

The MEMS microphone modules were fitted with both an
MEMS sensor for a 62 dB SNR product and an ROIC, as
shown in Fig. 11. The microphone module with ROIC-A is
referred to as MIC-A; similarly, that with ROIC-B is referred to
as MIC-B. Table 1 shows the measured three-sample averaged
values of two types of microphone modules. The gain of MIC-
B is 10.3 dB, which is calculated from the sensitivity results of
—44.0 dBV/Pa for MIC-A and —33.7 dBV/Pa for MIC-B. The
gain difference between the test configuration for the ROIC
performance measurement and the microphone module is
caused by differences in the sensor model, especially the
parasitic capacitance at the IN node. The microphone module
has a parasitic capacitance of 160 fF at the IN node
(corresponding to 400 fF in the test configuration of the ROIC).
The input-referred noises are —106.4 dBV for MIC-A and
—106.9 dBV for MIC-B. MIC-A and MIC-B show SNR levels
of 62.4 dB and 62.9 dB, respectively. The SNR of MIC-B is
higher than that of MIC-A by 0.5 dB. This result shows the
superior noise performance of the positive feedback gain
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Fig. 11. Photograph of MEMS microphone module.

architecture. Figure 12 shows the measured output spectrum
of MIC-B for (a) the noise level, (b) PSRR, and (c) PSR.
Although the PSR has to be measured using an A-weighted
filter [9], the PSR is measured under an un-weighted condition
because the measurement equipment does not support a plot
function of an A-weighted output spectrum. The measured
PSRR and PSR show good performances. A performance
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Fig. 12. FFT plots of microphone module output for (a) noise
level, (b) PSRR, and (c) PSR.

Table 1. Measured results of microphone modules.

Parameter MIC-A MIC-B
Sensitivity (ABV/Pa) -44.0 -33.7

Gain (dB) 0 103

Output noise (dBV), AW" -106.4 -96.6
Input referred noise (dBV), AW" ~106.4 -106.9
SNR (dB) 624 629

1) A-weighted

summary of the ROIC is shown in Table 2. Table 3 provides a
performance summary of the MEMS microphone module and
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3) At94 dB SPL

4) 1 kHz, 100 mVpp sine wave is superimposed on VDD

5) 217 Hz, 100 mVpp square wave is superimposed on VDD
6) Un-weighted value

a comparison with other MEMS microphones, as well as
indicating that this work achieves a good noise performance
and PSRR performance.

V. Conclusion

A low-noise ROIC for an MEMS microphone was presented
in this paper. A positive feedback signal amplification
technique was applied at the front-end of the ROIC to
minimize the effect of the output buffer noise. The feedback
scheme in the source follower prevents a degradation of the
noise performance caused by both the noise of the input
reference current and the noise of the power supply. Noise
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filters are used in the voltage booster to cut out the noise of the
sensor bias voltage. The prototype ROIC achieves an input-
referred noise (A-weighted) of —114.2 dBV over an audio
bandwidth of 20 Hz to 20 kHz with a 136 pA current
consumption. In addition, the microphone modules assembled
with the ROIC and an MEMS sensor of a 62 dB SNR product
achieve an SNR of 62.9 dB. The chip has an active area of
0.35 mm’ and a total area of 0.54 mm’.

References

[1] J. Citakovi¢ et al., “A Compact CMOS MEMS Microphone with
66 dB SNR,” Int. Solid-State Circuits Conf., San Francisco, CA,
USA, Feb. 8-12, 2009, pp. 350-351.

[2] S.A. Jawed, “CMOS Readout Interfaces for MEMS Capacitive
Microphones,” Ph.D. thesis,
Communication Technologies, Univ. of Trento, Italy, 2009.

[3]1 A. Khenkin, MEMS Microphone Technol.: From Theory to Appl.,
Analog 2013.  Accessed Mar. 3, 2013.
http://www.analog.com

[4] A. Dehé et al., “The Infineon Silicon MEMS Microphone,”
presented at the Int. Conf. Sensors Meas. Technol., Nuremberg,

School in Information and

Device,

Germany, 2013.

[5] A. Uranga et al., “Electrically Enhanced Readout System for a
High-Frequency CMOS-MEMS Resonator,” ETRI J., vol. 31, no.
4, Aug. 2009, pp. 478-480.

[6] JH. Nielsen and C. Fiirst, Toward More-Compact Digital
Microphones, Analog Dialogue, Analog Device, 2014. Accessed
Mar. 3, 2014. http://www.analog.con/library/analogdialogue/cd/
vol41n3.pdf

[7] InvenSense, MICROPHONE SPECIFICATIONS EXPLAINED,
InvenSense, 2015. Accessed Mar. 3, 2015. http:/www.
invensense.com/wp-content/uploads/2015/02/MICROPHONE-
SPECIFICATIONS-EXPLAINED2.pdf

[8] STMicroelectronics,  Tutorial for MEMS  microphones,
STMicroelectronics, STMicroelectronics, 2015. Accessed Mar. 3,
2015. http://www.st.comy/st-web-ui/static/active/cn/resource/ technical/
document/application_note/DM00103199.pdf

[9] InvenSense, RF-Hardened, Ultra-low Noise Microphone with
Bottom Port and Analog Output, InvenSense, 2014. Accessed
July 2, 2014. http://www.invensense.com/wp-content/uploads/
2015/02/INMP510.pdf

[10] S. Ersoy et al,, “A 025 mm® AC-Biased MEMS Microphone
Interface with 58 dBA,” Int. Solid-State Circuits Conf., San
Francisco, CA, USA, Feb. 1721, 2013, pp. 382-383.

242  Yi-Gyeong Kim et al.

Yi-Gyeong Kim received his BS degree in

electronic, electricc, and communication
engineering from Pusan National University,
Rep. of Korea, in 2003 and his MS degree in
electrical engineering from the Korea Advanced
Institute of Science and Technology, Daejeon,
Rep. of Korea, in 2005. He subsequently joined
ETRI. He is currently involved in the design of readout integrated
circuits for MEMS microphones and sensor interface circuits for
automotive systems. His research has been focused on analog/mixed-
signal integrated circuits including sigma-delta data converters,

nyquist-rate data converters, and low-noise sensor interfaces.

Min-Hyung Cho received his BS degree in

electronic  engineering  from
University, Seoul, Rep. of Korea, in 1998 and
his MS degree in electrical engineering from the
Korea Advanced Institute of Science and
Technology, Dacjeon, Rep. of Korea, in 2000.
Since 2000, he has been with ETRI, where he is

now a senior researcher. He is involved in designing high-speed digital-

Hanyang

to-analog converters and bus driver ICs for automotive systems. His
research interests include CMOS analog and mixed-mode integrated
circuit design.

Jaewoo Lee received his BS degree in electrical

and electronics engineering from Korea
| University, Seoul, Rep. of Korea, in 2000 and

| his MS degree
communication engineering from Gwangju
' Institute of Science and Technology, Rep. of

Korea, in 2002. After this, he joined a micro-
systems team at ETRI, where he focused on RF MEMS switches for a
front-end antenna module. Since 2006, he has developed MEMS

microphones for mobile applications. In addition, he is currently

in information and

working toward his PhD degree in electrical engineering at the Korea
Advanced Institute of Science and Technology, Daejeon, Rep. of
Korea.

Young-Deuk Jeon received his BS and MS
degrees in electronic engineering from Sogang
University, Seoul, Rep. of Korea, in 1998 and
2000, respectively. Since September 2005, he
has been with ETRI. He is currently involved in
the design of analog front-end circuits for image
signal processing and sensor interface circuits.
His research has been focused on high-resolution low-power CMOS
data converters and low-voltage CMOS analog circuit design.

ETRI Journal, Volume 38, Number 2, April 2016
http://dx.doi.org/10.4218/etrij.16.2515.0015



Tae Moon Roh received his BS, MS, and PhD
degrees in electronic engineering from the
School of Electrical Engineering & Computer
Science, Kyungpook National University,
Daegu, Rep. of Korea, in 1984, 1986, and 1998,
respectively. In 1988, he joined ETRI. Since
1988, he has worked at the Information &
Communications Core Technology Research Laboratory, where he is

now a principal researcher. From 2014 to 2015, he worked at the
University of Texas at Arlington, USA, as a visiting researcher. He was
engaged in research for the development of process technology for
digital/analog CMOS ICs and power ICs; improving reliability of ultra-
thin gate oxides; and evaluating hot carrier effects of MOSFETs.
He studied low power digital circuits, multimedia SoCs with
reconfigurable processors, vision SoC platforms for intelligent vehicles,
and readout integrated circuits for ubiquitous sensor networks. His
current interests are SiC power devices for hybrid electric vehicles and
intelligent sensors for bio health monitoring and health care systems.

Chun-Gi Lyuh received his BS degree in
computer engineering from Kyungpook
National University, Daegu, Rep. of Korea, in
1998. He received his MS and PhD degrees in
electrical engineering and computer science
from the Korea Advanced Institute of Science

2000 and 2004, respectively. He joined ETRI in 2004 and is currently a
principle member of the research staff. His current research interests

and Technology, Daejeon, Rep. of Korea, in

include mixed-signal processing and digital integrated-circuit design.

Woo Seok Yang received his BS, MS, and
PhD  degrees
engineering from Pohang University of Science
and Technology, Rep. of Korea, in 1991, 1993,
and 1998, respectively. From 1998 to 2001, he
worked for SK Hynix Inc., Icheon, Rep. of
Korea. Since 2001, he has been with ETRI,
where he is now a principal researcher. His main research interests are

in materials science and

smart sensors and MEMS devices.

ETRI Journal, Volume 38, Number 2, April 2016
http://dx.doi.org/10.4218/etrij.16.2515.0015

Jong-Kee Kwon received his BS and MS
degrees in electronics engineering from
Yeungnam University, Gyeongsan, Rep. of
Korea, in 1981 and 1983, respectively, and his
PhD degree in electrical engineering from the
Korea Advanced Institute of Science and
Technology, Daejeon, Rep. of Korea, in 2004.
Since 1984 he has been with ETRI, where he woks mainly on the
development of analog integrated circuits (ICs). As the technical
manager of the Mixed-Signal Product Engineering Department at
ETRIL he currently is involved in the Development of high-speed,
high-performance mixed-signal ICs, including low-voltage/low-power
high-speed/high-resolution ~ data
converters; PLL/VCO; and analog interfaces for sensor or MEMS
systems.

analog functions; amplifiers;

Yi-Gyeong Kimetal. 243




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


